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The  objectives  of  this  investigation  are  to  study  the  frequency  conversion 
properties  of  punch-through  semiconductor  devices  and  to  establish  the  frequency 
regions  of  their  potential  application  as  efficient  detectors  and  mixers  of 
information-bearing  signals . ^ c 

The  physics  of  tvo  punch-through  devices  are  studied  in  detail:  the  three- 
terminal  punch-through  transistor  and  the  tvo-terminal  3ARITT  (barrier  injection 
transit-time)  diode.  The  particle  current  injection  process  for  both  devices  is 
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20.  examined  and  identified  as  simple  diffusion  over  a potential  barrier 
(exponential  injection  with  respect  to  the  barrier  height).  Dc  and  small-signal 
ac  models  for  both  punch-through  structures  are  derived  from  standard  bipolar 
junction  transistor  theory  by  applying  a current-dependent,  rather  than  the 
standard  volt age- dependent , boundary  condition  for  the  minority  carrier  concen- 
tration at  the  collector  edge  of  the  low- field  base  region.  The  small-signal 
models  include  carrier  transit-time  effects  in  the  diffusion-drift,  reverse- 
biased  regions  of  the  devices  by  means  of  a transit-time  factor  similar  to  the 
factor  used  in  the  standard  frequency  domain  analysis  of  pure  saturated  drift 
transit-time  diodes.  The  small-signal  noise  properties  of  the  3ARITT  diode  are 
developed  employing  the  same  techniques  used  in  the  formulation  of  the  3AEITT 
diode  circuit  model.  Both,  small-signal  impedances  predicted  by  the  circuit 
model  and  small-signal  noise  measures  predicted  by  the  noise  analysis,  compare 
very  veil  with  experimentally  measured  values  of  typical  BARITT  structures . 

The  nicrovave  and  millimeter-vave  detection  properties  of  the  3ARITT  diode  and 
the  optical  detection  properties  of  the  punch-through  transistor  are  examined 
using  the  small-signal  models.  The  BARITT  diode  is  shown  to  be  capable  of 
efficient  rectification  at  frequencies  both  within  and  above  the  region  of 
diode  negative  resistance.  The  punch-through  phototransistor  is  shown  to  be  a 
high-speed  version  of  the  standard  phototransistor;  attaining  its  rapid  response 
capability  through  its  lack  of  charge-storage  inertial  effects . The  device  is 
also  capable  of  additional  quantum  gain  due  to  negative-resistance  reflection- 
type  amplification  near  the  transit-time  frequency. 

An  analytic  large-signal  model  for  the  BARITT  diode  is  developed  based  on  the 
nonlinear  exponential  injection  mechanism.  Excellent  agreement  is  obtained 
when  the  results  of  this  simple  model  are  compared  with  the  results  of  higher- 
order  numerical  studies  and  to  experimental  results . Extension  of  the  model  to 
include  harmonic  power  extraction  is  also  demonstrated. 

3ARITT  diode  frequency  converters  are  examined  in  two  fundamentally  different 
studies,  based  on  two  different  methods  of  analysis:  a very-low  I?  mixer  study, 
applicable  only  to  self-oscillating  mixers,  in  which  the  conversion  properties 
are  obtained  from  a perturbation  of  the  basic  oscillator  equations  and  a 
general  four- frequency  mixer  study,  in  which  an  equivalent  linear  network  is 
developed  to  describe  the  pumped  diode  and  its  circuit  environment.  The  minimum 
detectable  signal  of  the  very-low  IF  mixer  is  shown  to  be  comparable  to  the  AM 
noise  of  the  diode  oscillator  itself  and  the  optimum  noise  figure  of  the  general 
mixer  is  shown  to  be  comparable,  particularly  at  millimeter  wavelengths,  to 
that  obtainable  from  the  best  present-day  Schottky-barrier  diode  mixers. 
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:HAPT2R  I . INTRODUCTION 


1.1  Introduction 

This  study  is  concerned  with  the  frequency  conversion 
and  detection  properties  of  punch-through  semiconductor  devices. 
The  two  principal  devices  that  will  he  considered  in  detail  are 
the  three-terminal  punch-through  transistor  and  its  two-terminal 
special  case,  the  SARITT  (harrier  injection  transit  time)  diode. 
The  majority  of  the  theory  developed  in  this  work  will  directly 
pertain  to  the  BARITT  diode  only;  however,  with  only  a slight 
circuit  complication,  the  addition  of  case  lead  circuitry,  the 
results  can  be  easily  adapted  to  the  analysis  of  punch-through 
transistor  converters  and  detectors. 

The  low-noise  characteristics  of  punch-through  injection 
(diffusion  over  a potential  harrier)  are  the  principal  impetus  for 
this  study.  The  highly  nonlinear  voltage-current  relationship  of 
punch-through  injection  and  the  possibility  of  device  transit- 
time negative  resistance  further  enhance  the  candidacy  of 
punch-through  structures  as  frequency  converters . This  discourse 
explores  these  considerations  as  well  as  circuit  and  material 
constraints  and  will  attempt  to  establish  the  upper  frequency 
limits  of  useful  operation  for  all  conversion  and  detection 
schemes  presented. 

1 . 2 Basic  Principles  of  Punch-Through  Semiconductor  Devices 

Although  the  device  theory  that  is  developed  throughout 
this  report  is  completely  general  in  nature,  only  the 
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p+np+  abrupt- junction  uniformly  doped  Si  structure  will  be 
dealt  with  in  detail.  The  reasons  for  this  choice  of  a 
particular  device  doping  profile  and  material  are,  in  order  of 
importance:  (l)  Si  pnp  base  region  minority  carriers  (holes) 

have  a lower  value  of  mobility  than  do  the  majority  carriers 
(electrons).  This  mobility  relationship  simultaneously  aids  in  the 
phasing  of  the  induced  current  for  negative-resistance  applications 
and  lowers  the  base  lead  series  resistance  for  three-terminal 
operation.  (2)  Holes  in  Si  have  a lower  ionization  rate  than 
do  electrons,  thus  pnp  structures  are  capable  of  sustaining 
higher  avalanche-free  dc  input  powers  than  their  npn  counterpart 
devices.  (3)  Only  Si  devices  have  been  experimentally  fabricated 
thus  far.  There  is  no  overriding  advantage  in  using  the  more  exoti 
III-V  materials  such  as  GaAs  or  In?  to  construct  uniformly  doped 
punch-through  structures  since  their  high  electron  mobility  values 
actually  result  in  lower  RF  negative-resistance  capabilities1  and 
their  low  hole  mobility  values  result  in  only  incremental 

improvements . Tailored  base  region  doping  profiles 

2 

are  also  not  considered  in  this  work,  however,  this  would 
represent  a simple  extension  of  the  dc  and  small-signal  theories 
presented  in  Chapters  II  and  III,  respectively. 

1.2.1  Punch- Through  Transistors . Punch-through  transistors 
have  no  history  except  in  a negative  sense . The  following  is  a 
quote  typical  of  most  if  not  all  transistor  textbooks: 

"As  the  reverse-bias  voltage  on  the  collector  junction  increases 
still  further,  the  collector  space-charge  penetration. . .increases 
and  the  effective  base  width  is  still  further  reduced.  In  some 


transistors  it  is  possible  for  the  effective  base  width  to  be 
reduced  to  tero  by  this  mechanism,  and  this  condition  is  known  as 
punch  through.  In  a punch-through  condition,  the  transistor  behaves 
as  though  the  emitter  and  collector  were  tied  together  by  a fixed 
voltage  source,  and  the  base  appears  connected  to  both  through 
a reverse-biased  junction.  Normal  transistor  action  ceases  as  soon 
as  the  punch-through  voltage  is  reached. "H  In  other  words, 
punch  through  has  been  traditionally  thought  of  as  a 
breakdown  condition.  We  counter  here  with  the  assertion  that 
punch  through  is  far  from  a breakdown  mechanism  and,  in  fact, 
in  a low- impedance  environment  it  is  a desirable  occurrence  as 
the  frequency  response  of  the  transistor  actually  improves  when  the 
device  is  punched  through. 

Proof  of  continued  transistor  action  into  punch  through 

can  be  deduced  from  the  results  of  an  experiment  that  uses  optical 

carrier  generation  to  simulate  majority  carrier  base  current  in  a 

two-terminal  p+np+  structure . The  results  of  such  an  experiment  are 

shown  in  Fig.  1.1.  Here,  a high- intensity  microscope  light  was 

incident  upon  an  X-band  p+np+  Si  device  with  a uniform  base  donor 

density  of  1.6  x 10* 5 cm“3  and  a base  region  width  of  3.6  ym.* 

As  the  bias  voltage  V between  the  two  t+  regions  is  increased 

ce 

the  structure  behaves  as  a standard  open-base  phototransistor 
with  a large  Early  effect  due  to  the  nonstandard  doping  profile. 

* It  should  be  noted  that  this  particular  device  was  not  intended 
for  the  purposes  of  this  experiment  and  was  therefore  fabricated 
with  the  face  of  the  diode  covered  with  gold  to  act  as  a contact. 
The  quantity  of  light  that  reached  the  base  region  was  thus 
limited  to  that  entering  via  the  exposed  sidewalls  of  the  device. 


NO  LIGHT 
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When  "he  punch-through  voltage  is  reached,  a large  collector  current 
develops  independent  of  the  incident  light.  This  is  the 
punch-through  current  and  is  due  to  the  diffusion  of  holes  flowing 
across  the  now- lower  potential  'carrier,  i.e.,  forward-biased  Junction, 
between  the  base  region  and  the  emitting  p+  region.  However,  in 
the  presence  of  light,  differing  magnitudes  of  light  intensity  can 
still  be  easily  discerned  even  though  the  bias  voltage  is  past 
the  punch-through  value.  Since  the  punch-through  mode  change 
in  the  dc  bias  current  per  change  in  incident  light  intensity 
remains  at  or  even  increases  from  its  pre-punch-through  value,  it 
must  be  true  that  controlled  injection  of  minority  carriers  at  the 
emitting  junction  continues  into  the  punch-through  mode  of 
operation.  That  is,  the  presence  of  the  space  charge  of  the 
optically  generated  base  region  majority  carriers  (electrons)  near 
the  forward-biased  emitter  junction  perturbs  the  barrier  potential 
such  that  a greater  or  lesser  number  of  minority  carriers  (holes) 
can  diffuse  across  the  junction  depending  upon  the  number  of 
electrons  generated  within  the  depleted  region  of  the  device. 

For  no  optical  generation  the  hole  current  is  dependent  solely  on 
the  level  of  punch-through  bias,  but  with  optical  generation  the 
magnitude  of  the  hole  current  is  modulated  by  the  intensity  of  the 
incident  light.  The  depth  of  this  modulation  is  determined 
primarily  by  the  standard  transistor  current  gain  mechanism. 

The  direct  optically  generated  hole  current  is  but  a small 
secondary  effect,  exactly  analogous  to  the  standard  case  of  normal 
nonpunch- thro ugh  photo-transistor  operation.  A mere  detailed 
analysis  of  a punch-through  pnp  photodetector  is  given 


in  Chapter  V;  a discussion  of  the  experimental  results  and  the 
basic  principles  of  the  device  is  included  here  as  the  basis 
for  the  fundamental  premise  that  transistor  action  continues  up  tc 
and  into  the  punch-through  mode . 

Introduction  of  base  region  majority  carriers  into  the 
quasi-neutral  base  region  of  a three-terminal  junction  transistor, 
under  normal  forward  operating  conditions,  is  accomplished 
by  the  simple  process  of  base  current  flow.  The  situation  is  no 
different  in  the  operation  of  punch-through  transistors.  Punch 
through  reduces  the  effective  width  of  the  low  field  region 
through  which  majority  carriers  can  flow  in  the  transverse 
direction  from  the  base  contact  to  a spot  'under  the  emitter,  but 
it  cannot  completely  eliminate  this  region.  The  potential 
distribution  from  emitter  to  collector  must  include  the 
value  possessed  by  an  undepleted  majority  carrier  source  region 
near  the  base  contact;  in  the  two-dimensional  planar  structure 
shown  in  Fig.  1.2,  points  1 and  2 represent  these  two 
end  points  and  the  transverse  path  s,  the  equipotential  surface 
common  to  both  points . The  dashed  lines  depict  the  extremities 
of  the  junction  space  charge  or  depletion  layers  for  zero 
bias.  When  the  bias  voltages  V^,  and  7^  are  both  applied 
with  the  polarities  shown,  the  forward-biased  emitter-base 
junction-depletion  layer  shrinks  somewhat  while  the  reverse-biased 
collector-base  Junction  depletion  layer  grows  and  the  structure  is 
said  to  be  -under  normal  forward  bias.  If  V is  increased  to  a 
magnitude  such  that  the  edge  of  the  collector-base  depletion 
layer  Just  touche's  the  edge  of  the  emitter-base  layer,  punch 
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through  occurs.  Nevertheless,  path  s must  still  exist,  though 
its  longitudinal  position  nay  have  shifted,  and  there  remains  a 
base  current  path  continuum  of  majority  carriers  from  the  base 
contact  to  the  edge  of  the  emitter-base  junction  space-charge 
layer.  Thus  the  transistor  can  still  function  and  can  still 
provide  power  gain  if  the  collector  load  impedance  is  comparable 
to  the  now- low  common  emitter  device  output  impedance. 

The  advantages  of  a punched-througn  transistor  structure 
are:  (1)  an  effective  base  width  that  is  extremely  small,  thus 

negligible  base  transit  time  and  negligible  base  charge 
storage;  (2)  a base  width  that  is  achieved  electronically  and 
not  by  a difficult  fabrication  procedure;  (3)  negligible  collector 
series  resistance  because  of  the  inverted  doping  profile  in  com- 
parison with  standard  practice;  and  (1)  the  base  push-out  effect, 
Kirk  effect,  is  not  as  prevalent  as  in  a standard  structure,  again 
because  of  the  doping  profile.  A potential  advantage  is  the 
possibility  of  negative  device  output  resistance  due  to 
transit-time  effects  in  the  collector-base  space-charge  layer. 

Given  a negative  output  resistance,  a three-terminal  microwave 
3AHITT-type  oscillator  can  be  envisioned.  The  presence  of  base 
region  majority  carriers  at  the  minority  carrier  injection  point  in 
such  a device  would  suppress  the  power  self-limiting  effects  of  the 
injected  minority  carrier  space  charge  and  enable  a larger 
output  ?.F  power  in  comparison  with  that  of  a two-terminal  device  of 
similar  longitudinal  structure.  Some  possible  disadvantages  of 
punch-through  transistors  are:  (1)  high  series  base  resistance 
due  to  the  extremely  narrow  effective  base  width,  (2)  inability 
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to  operate  as  a pure  class  3 amplifier,  and  (3)  thermal  problems 
due  to  the  necessarily  high  dc  power  bias  point. 

A prototype  experimental  Si  p+np + low-frequency  structure 
(emitter  stripe  width  * 20  ym) , similar  to  that  shown  in  Fig.  1.2, 
was  fabricated  here*  using  diffused  base  and  emitter 
contacts  on  epitaxial  material  (base  region  donor  concentration  = 

1.3  x IQ15  cm"3).  A measured  collector  current  collector-to- 
emitter  voltage  I-V  curve,  typical  for  these  experimental  devices, 
is  shown  in  Fig.  1.3.  A considerable  portion  of  the  epitaxial 
layer  was  lost  to  out  diffusion  of  the  substrate  during  the  p-type 
isolation  diffusion  which  accounts  for  the  low  value  of  the 
punch-through  voltage  at  zero  base  current.  Several  devices  were 
tested  at  10  MHz  as  small-signal  amplifiers  in  a 50-1  system. 

In  each  case  the  forward  scattering  parameter  S,,  increased  when 
the  quiescent  operating  point  was  moved  into  the  punch- through 
region.  The  specific  improvement  for  the  device  shown  in 
Fig.  1.3  was  5-5  IS  in  going  from  bias  point  A (Sj.  = 2.2  13)  to 
bias  point  3 (S^,  = 7.7  13).  Although  these  results  are  preliminary 
and  far  from  exhaustive  they  ic  lend  credence  to  the  feasibility 
of  the  punch- through  mode  of  operation. 

Chapter  II  of  this  work  contains  a discussion  of  the  detailed 
device  physics  of  simple,  -uniformly  • doped  punch-through  transistors 
and  a method  of  approximating  values  for  the  dc  base  resistance 
of  ap^np^Si  version  of  the  device.  A small-signal  equivalent 
circuit  for  the  punch-through  transistor  and  an  estimate  of  the 


* The  structure  was  fabricated  by  T.  N.  Jackson. 


high-frequency  performance  limitations  based  on  the  model  are 
presented  in  Chapter  III.  Appendix  A contains  a discussion  of  a 
possible  feedback  mechanism  in  the  punch-through  transistor  similar 
to  the  Early  effect  in  standard  transistors . 

1.2.2  3AP.ITT  Diodes . 'The  two-terminal  three-layer  punch- 
through  structure  now  known  as  the  3ARITT  diode  was  conceived  by 
Shockley5  in  195^  as  a means  of  achieving  negative  resistance  through 
carrier  diffusion  or  'drift  delay.  Several  important  contributions 
concerning  the  device  have  appeared  since  (see  Kwok1  and  Ng,ayen-3ai 
for  a complete  history  and  state  of  the  art)  but  the  basic  principles 
remain  as  originally  promulgated  by  Shockley. 

In  light  of  the  previous  discussions  on  the  punch-through 
transistor,  a 3AEITT  diode  can  most  simply  be  described  as  an 
open-base  punch-through  transistor.  But  in  the  diode  structure, 
as  opposed  to  the  transistor,  base  region  majority  carriers  do  not 
play  an  active  role  in  the  device  physics  since  the  diode  has  no 
prime  source  of  majority  carrier  resupply.  Base  region  minority 
carriers  which  diffuse  over  the  emitter-base  potential  barrier  are 
swept  to  the  collector  contact  by  the  electric  field  of  the  reverse- 
biased  collector-base  junction.*  The  possibility  of  negative 
resistance  arises  when  the  time  delay  due  to  the  minority  carriers 
transit  across  the  collector-base  space-charge  layer  results 
in  the  fundamental  component  of  the  induced  terminal  current 

* The  two  p-n  junctions  can  be  replaced  by. two  back-to-back 
Schottky  barriers,6  the  structure  of  the  first  functioning 
microwave  BAB ITT  device.7 


-12- 


and  the  emitter-collector  terminal  voltage  being  close  to 
l8o  degrees  out  of  phase.  The  BARITT  diode  is  presently 
employed  in  microwave  systems,  though  in  relatively  small 
numbers,  as  a low-noise  two-terminal  negative-resistance  device. 
Unfortunately,  due  to  the  self-limiting  and  phase-tracking  nature 
of  its  injection  process  the  diode  is  also  a low -power  device. 

This  one  fact  alone  has  hindered  the  BAR  ITT ' s acceptance  in  the 
microwave  design  community.  3ut  for  the  receiver-type  applications 
considered  in  this  study,  high  power  is  not  a prerequisite  and  the 
overall  utility  of  the  diode  is  reappraised. 

A dc  solution  for  the  minority  carrier  current  injection  and 
for  the  low-field  current  transport  of  a uniformly  doped 
BARITT  diode  is  given  in  Chapter  II.  Small-signal  impedance  and 
noise  models  for  the  diode  based  on  this  dc  solution  are  presented 
in  Chapter  III,  and  an  approximate  large-signal  nonlinear  model, 
harmonic  effects  included,  is  developed  in  Chapter  VI.  These 
models  are  used  in  the  device-circuit  analyses  of  frequency 
conversion  effects  in  BARITT  diode  networks  given  in  Chapters  IV 
and  VII. 

1.2.3  Frequency  Scaling  of  Punch-Through  Devices . Simple 
frequency  scaling  rules  for  the  design  of  uniformly"  * doped 
punch-through  devices  can  be  derived  from  the  following  four 
principles : 

1.  BARITT  diode  injected  minority  carrier  current  density, 
dc  and  RF,  must  not  approach  a value  that  will  induce  excessive 
space-charge  limiting  of  the  injection  process  itself.  Thus 


where  Jq  is  the  dc  current  density,  is  the  RF  current  density, 
and  H is  the  base  region  doping  density.  This  relationship  also 
applies  to  the  punch-through  transistor  cut  the  restriction  stems 
from  a base  push-out  consideration  rather  than  an  injection 
limitation  concern. 

2.  The  magnitude  of  the  electric  field  at  the  collector 
end  of  the  metallurgical  base  region  cannot  exceed  a critical 
maximum  value;  a value  such  that  avalanche  multiplication  is 
avoided.  That  is,  for  maximum  input  dc  power 


N.w  = const  , 
d 


(1.2) 


where  w is  the  width  of  the  metallurgical  base  region. 

3.  The  efficiency  of  power  generation  by  negative- 
resistance  transit-time  oscillations  is  independent  of  frequency 
if  skin-effect  losses  are  neglected.  Thus 


(1.3) 


for  an  optimally  designed  structure.  This  principle  should  be 
considered  an  assumption  rather  than  a maxim,  and  at  higher 
current  densities  must  surely  be  suspect3  due  to  thermal 
effects. 
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4.  The  optimum  frequency  for  negative-resistance  power 
generation  is  proportional  to  the  inverse  of  the  metallurgical 
base  width  f w_1.  Figure  1.4  is  a summary  of  this  relationship 
for  several  experimental  and  theoretical  3ARITT  devices.9’10 
Since  the  dc  voltage  across  a punch-through  device  is  approximately 
proportional  to  the  product  of  the  base  region  doping  density  and 
the  square  of  the  base  region  width 

V « N ,w2  (1.4) 

o a 

both  the  dc  power  density 

p 

— ~ * (N.w)2  = const  (1.5) 

A c. 

and  the  RF  power  density,  reference  Eq.  1.3,  are  independent 
of  frequency,  where  A is  the  device  cross-sectional  area. 

Circuit  design-scaling  considerations  require  that  circuit 
impedance  levels  remain  constant  with  frequency  so  the  device 
cross-sectional  area  A must  be  scaled  as  f-2  since  the  primary 
contribution  to  the  impedance  of  a punched-through  device  is  the 
cold  capacitive  reactance  of  the  depleted  base  region 


Thus  the  RF  power  generation  capability  of  a punch-through  structure 
follows  the  familiar 


const 


FIG.  l.U  NEGATIVE-RESISTANCE  FREQUENCY  DEPENDENCE  ON 
METALLURGICAL  3ASE  WIDTH  FOR  p+np+  BARITT 
DIODES . 


Similarly,  the  magnitude  of  the  large-signal  negative  resistance 

R . can  be  shown  to  follow 
a 

R.f2  2 const 
d 

Examples  of  this  type  of  behavior  as  well  as  a discussion  of  a 
realistic  upper  frequency  limit  for  the  application  of  punch- 
through  devices  are  given  following  the  development  of  the 
approximate  large-signal  model  in  Chapter  VI. 

1 ■ 3 Frequency  Conversion  Applications  of  Punch-Through  Devices 

1.3.1  Small-Signal  Detection.  3ARITT  diodes  and  punch-through 
transistors  are  basically  nonlinear  devices  and  as  such  can  transfer 
perturbations  in  the  small-signal  voltages  across  their  terminals 
to  variations  in  bias  voltages  or  currents.  Since  these  devices 
are  capable  of  negative  resistance  as  well,  the  realisation  of  a 
combined  low-noise  amplifier  low-level  detector  is  quite  practical. 
This  application  and  the  general  detector  problem  are 
reviewed  in  Chapter  IV  following  the  development  of  a device  small- 
signal  model  in  Chapter  III.  It  is  shown  theoretically  and 
experimentally  that  the  3ARITT  diode  in  the  proper  circuit  is  a 
very  sensitive  detector  of  microwave  signals.  It  is  also  shown  that 
the  price  for  such  a response,  not  surprisingly,  is  bandwidth. 

As  mentioned  previously,  a punched-through  small-signal  optical 
detector  is  described  in  Chapter  V.  The  novelty  of  this  detector 
is  the  possibility  of  quantum  optical  gain  when  the  light  modulation 
frequency  is  near  the  transit-time  frequency  of  the  device  drift 
region.  A gain-bandwidth  trade-off  exists  for  this  "phcto-BARITT" 
detector  as  does  with  the  microwave  version. 
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1.3.2  Four-Frequency  Mixers . The  paramount  application  for 
punch-through  semiconductor  devices  espoused  in  this  study  is  the 
four- frequency  mixer,  i.e.,  pump,  primary  sideband  signal,  image 
sideband  signal,  and  intermediate  frequency  signal.  Of  the 
many  variations  of  the  punch-through  four-frequency  mixer  structure 
perhaps  the  most  interesting,  primarily  for  its  simplicity,  is  the 
self-punped  down-converter.  The  punch-through  device  is  embedded 
in  a circuit  such  that  it  oscillates  at  the  pump  frequency.  An 
input  signal  at  either  a higher  or  a lower  frequency  than  that 
of  the  pump  is  coupled  to  the  device  which  in  turn  mixes  it  with  the 
relatively  large  pumping  waveform  to  create  the  image  and  a down- 
converted  signal.  Since  in  the  right  frequency  range  a punch-through 
transistor  or  3ARITT  diode  can  exhibit  a negative  resistance  at 
any  one  or  at  all  the  principal  frequencies  of  concern,  the 
conversion  process  has  the  possibility  of  taking  place  with  a net 
gain  in  power  level.  The  total  device-circuit  interaction  at  all 
four  frequencies  governs  whether  any  specific  punch-through  converter 
circuit  has  overall  gain  or  loss.  Of  course,  a punch-through 
mixer  can  be  operated  with  an  external  pump  source,  the  standard 
situation  for  Schottky-barrier  and  point-contact  diodes,  but  this  is 
counter  to  the  simplicity  of  the  self-punped  scheme.  Both  methods 
of  pumping  are  discussed  in  the  development  of  the  four- frequency 
mixer  in  Chapter  VII. 

Punch-through  transistors  and  3APITT  diode  mixers  are 
interesting  not  only  for  their  simple  circuit  configuration  and 
possible  gain  mechanism  but  also  for  their  low-noise  characteristics. 
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The  conversion  noise  for  input  sigr. very  near  the  pump 
frequency  is  due  primarily  to  the  AM  noise  of  the  oscillation 
process.  In  this  mode,  self-oscillating  3ARITT  diode  doppler 
detectors  have  been  shown  to  be  superior,  i.e.,  possess  a lower 
minimum-detectable- signal  capability,  to  their  IMPATT  and  Gunn 
diode  counterparts  both  at  X-oand11  and  above.12  The  conversion 
noise  for  input  signals  sufficiently  far  away  from  the  pump  frequency 
is  due  to  the  correlated  and  uncorrelated  injection  and  drift 
noise  components  at  the  three  signal  frequencies  and  is 
relatively  unaffected  by  the  pump  noise.  Receiver  single-sideband 
noise  figures  as  low  as  13.T  dB  have  been  measured  in  this 
laboratory  for  X-bana  doubly-tuned  3ARITT  diode  mixers  with  an 
I?  of  lu5  MHz. 

Chapter  VTI  of  this  work  contains  a detailed  analysis  of 
3ARITT  diode  four-frequency  mixers . For  input  signals  very  near 
the  pump  frequency  a perturbation  analysis 1 14  on  the  large-signal 
model  of  Chapter  VI  is  used  to  derive  the  conversion  transfer 
function.  This  perturbation  analysis  is  then  shown  to  be  a special 
case  of  the  general  four- frequency  mixer.  The  general  mixer 
itself  is  studied  using  a method  very  similar  to  Hines’  work13 
on  instabilities  in  IMPATT  diode  networks.  The  noise  figure  of 
the  mixer  is  calculated  using  a generalization  of  Strutt's  method16 
for  simple  diode  mixers  and  is  based  on  the  small- signal  impedance 
and  noise  models  developed  in  Chapter  III. 


CHAPTER  II. 


DEVICE  PHYSICS  AND  DC  SOLUTIONS 


2.1  Introduction 

This  chapter  presents  a discussion  of  the  physics  of 
punch-through  semiconductor  devices,  a dc  solution  for  the  drift  region 
of  a 3ARITT  diode,  and  an  estimate  of  the  dc  base  resistance  in 
a punch-through  transistor.  A current-  and  voltage-dependent 
boundary  condition  for  the  minority  carrier  concentration  at  the 
base  edge  of  the  collector-base  depletion  layer  is  introduced 
which  allows  a smooth  transition  from  the  classic  diffusion  transistor 
to  the  punch-through  transistor  or  the  3ARITT  diode.  This  transition 
is  not  possible  if  the  standard  voltage-only-dependent  boundary 
condition  for  the  minority  carrier  concentration  is  used  to  determine 
the  current  flow  at  the  ccliector-'oase  interface.  Previous  theories 
of  punch-through  current  injection  are  discussed  and  the  limitations 
of  the  theory  used  in  this  study,  diffusion  over  a potential  barrier, 
are  detailed.  A simple  numerical  analysis  is  used  to  solve  for  the 
minority  carrier  concentration  in  the  low-field  portion  of  the 
drift  region  in  a 3ARITT  diode  and  an  upper  bound  is  determined  for 
the  dc  resistance  to  transverse  majority  carrier  current  flow  in 
the  effective  base  region  of  a punch-through  transistor. 

2 . 2 Carrier  Concentrations  in  Narrow-Base  Diffusion  Transistors  and 
in  Pure h- Thro ugh  Transistors 

The  standard  solution  for  carrier  concentrations  and  currents 
in  the  field-free  base  region  of  a uniformly  doped  transistor  structure 
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, 1 7 

under  low-level  injection  was  first  given  by  Shockley*'  in  his 

classic  paper  that  introduced  the  junction  transistor  in  19^9- 

This  solution  has  served  as  the  foundation  for  all  the  present-day 

theories  of  bipolar  transistor  operation,  i.e.,  high  injection, 

field-aided  base  transport,  Webster  effect,  and  Kirk  effect. 

This  section  exposes  the  limitations  of  the  standard  theory  under 

the  conditions  of  an  extremely  narrow  base  width  and  punch  through. 

The  standard  theory  is  then  modified  and  the  punch-through  limit  is 

accounted  for. 


2.2.1  Standard  Theory  for  Diffusion  Transistors . The 
one-dimensional  field-free  base  region  pnp  transistor  structure 
considered  in  this  study  is  shewn  in  Fig.  2.1.  A constant  base 
doping  concentration  and  low-level  emitter  injection  are  assumed; 
thus,  minority  carrier  transport  in  the  quasi-neutral  base  region  can 
be  described  by  diffusion  alone,  that  is 


do 

dx  ’ 


(2.1) 


where  J is  the  hole  current  density,  D is 
P P 

diffusion  coefficient,  and  q is  the  electro 
relationship  which  governs  the  base  region 

I < 

time-independent  hole  continuity  equation 


p - p . dJ 

0 = — r — - + - -r-2- 

o A dx 


the  low- field  hole 
oic  charge.  The  other 
hole  distribution  is  the 


(2.2) 


where  o is  the  thermal  equilibrium  hole  concentration  and  t is  the 
* n P 

hole  lifetime.  The  solution  for  the  resulting  second-order, 
constant  coefficient,  homogeneous  ordinary  differential  equation  can 


be  expressed  as 
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x/L  -x/L 

u — c s A e “ + 3 a ^ 
t'n  ’ ’ 

where  L = •''D  r = the  diffusion  length  for  holes  in  the  base  and  A 

P P P 

and  3 are  constants  which  must  be  determined  by  the  boundary  conditions 
at  the  emitter  and  collector  edges  of  the  base,  x = 0 and  x = v, 
respectively.  These  boundary  values  are  designated  as 


p(0)  = F and  p(w)  = ? 


(2.3) 


Thus  A and  3 become 


-w/L 


Fc  ~ Pn  ~ (VPn*  g 

w/L  -w/L 
? ^ P 


and 


3 = 


(re-pn)  e 


w/L 


P - (F. 


- p ) 


w/L 


-w/L 


The  hole  current  entering  the  base  region  J (0)  and  the  hole  current 

P 

exiting  the  base  region  J (w)  can  now  determined  from  2q.  2.1, 
in  terms  of  the  hole  concentration  boundary  values,  as 


V0)  = IT  ((?e  - ?n}  COth  L~  “ (Fc  - y CSCh  L~ 

* P v P ?' 


(2.4) 


and 


qDr 

Jp(v)  = T" 

* T\ 


(?  - n ) csch  r~  - ( F,  - ? ) coth  7—] 

e -a  = n LpJ 


(2.5) 


To  complete  the  description  of  the  transistor  currents  the  majority 
carrier  electron  currents  at  the  emitter  and  collector  edges  of  their 
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respective  depletion  layers  are  added  to  the  hole  currents  to  fora 
the  emitter  and  collector  terminal  currents,  defined  as  positive 
into  the  terminals. 


J 

e 


V 


and 


(2,6) 


= - J (w  ) - J (v  ) 

pc  n c 


(2.7) 


The  standard  minority  carrier  boundary  condition  for  the 


junction  transistor  first  introduced  by  Shockley  is 


= pn  * 


V /V 

V T 


(2.8) 


where  V_  is  the  acpliea  voltage  that  apoears  across  the  junction 

depletion  layer,  emitter-base  or  collector-base,  and  V_  is  the 

thermal  voltage  kT/q.  Application  of  this  particular  form  of  the 

minority  carrier  boundary  condition  to  transistors  with  the  emitter- 

base  junction  forward  biased  such  that  F >>  n , the  collector-base 

e * n 

junction  reverse  biased  such  that  F <<  o , and  with  base  widths 

c * n 

greater  than  several  Debye  lengths  yields  a satisfactory  description 
of  transistor  action.  That  is,  a small  majority  carrier  current  in 
the  base  controls  a much  larger  injected  current  into  the  same 
region.  If  the  transport  of  minority  carrier  current  through  the 
base  is  efficient  then  there  exists  the  possibility  of  a power  gain 
mechanism. 

2.2.2  Narrow  3ase  Width  Considerations  and  the  Pure h-Thr c ugh 
Transistor . The  standard  solution  for  currents  in  the  active  region 


of  a diffusion  transistor  was  presented  in  the  previous  section. 
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In  this  section  a solution  under  narrow  base  width  conditions  is 
considered.  Specifically,  the  standard  solution  is  codified  to 
account  for  the  punch-through  licit,  w -*■  0. 

A problem  arises  when  the  standard  boundary  condition,  Eq.  2.3, 
is  applied  to  the  collector-base  junction  under  the  additional 
conditions  of  normal  biasing,  V__  > 0 and  exp  (V„_/'V_)  <<  1,  and  a 

ZJD  CD  i 

very  small  base  width,  w/L^  <<  1.  The  expressions  for  the  exiting  and 
entering  hole  currents  in  the  base  region  [0,w]  now  become 


Jp(w) 


qD  F 
d e 


L1  6 UJ. 


(2.9) 


qD  F rL 

T (0)  = ~~  — + cf 

p L w 3L 


2 J ( w ) + 


r.2  e 


(2.10) 


where  the  standard  small  argument  expansions  for  the  hyperbolic 
functions  have  been  employed  and  the  emitter-base  Junction  boundary 
condition  has  been  kept  in  its  general  form.  It  appears  that  both 
currents  can  be  made  arbitrarily  large  by  a simple  reduction  of  the 
base  width  w.  Of  course  this  is  not  physically  possible  as  the 
emitter-base  junction  can  only  supply  a finite  amount  of  current, 
the  ultimate  magnitude  of  which  is  determined  by  the  junction  doping 
profile  and  its  level  of  forward  bias. 

The  requirement  that  the  hole  concentration  at  the  base  edge 
of  the  collector-base  depletion  layer  be  less  than  the  thermal 
equilibrium  concentration,  independent  of  the  hole  current  density, 


imBiRP 


is  disconcerting  at  best.  For  typical  base  doping  densities  the 
hole  thermal  equilibrium  concentration  is  approximately 
104  to  106  holes/cm3  in  Si.  Thus  the  standard  reverse-biased  p-n 
junction  boundary  condition,  Eq.  2.8,  would  lead  to  absurdly 
low  minority  carrier  concentrations  which  could  never  support  the 
transport  transition  from  diffusion  to  drift  current  that  holes 
must  ’undergo  in  traversing  the  field-free  base  region  to  the 
high-field  collector-base  depletion  region.  Matz13  was  apparently 
the  first  to  consider  this  difficulty  in  detail  and  was  able  to  solve 
for  the  minority  carrier  concentration  at  the  collector  edge- 
of  the  base  region  by  considering  a two-carrier  model  and  by  using 
the  condition  that  the  longitudinal  majority  carrier  current  at  the 
depletion-layer  edge  is  zero.  Kirk,1*3  in  his  study  of  the 
base-push-out  effect  on  minority  carrier  transit  time,  required  that 
the  minority  carrier  charge  density  at  the  depletion-layer  edge  be 
equal  to  the  dc  collector  current  density  divided  by  the  scattering- 
limited  drift  velocity.  Middlebrook20  studied  the  effects  of  Kirk's 
current-dependent  collector  boundary  condition  on  the  behavior  of  the 
dc  collector  current  and  the  dc  common  emitter  current  gain.  None  of 
these  authors,  however,  considered  the  combined  effects  of  a 
substantial  minority  carrier  concentration  at  the  base  edge  of  the 
collector-base  depletion  layer  and  an  extremely  narrow  base  width. 

The  following  empirical  formula  is  suggested  as  a replacement 
for  the  standard  collector  edge  boundary  condition 

F * Kps[l  - exp  (-  pg/pQ)]  + pn  exp  (VCB/VT)  » (2.11) 


where 


= j (w)/qv_,  the  hole  concentration  that  wculc.  be  neeaea 

SO  s 

account  for  a cure  saturated  drift  current  of  magnitude  J (w),  wit 

P 

v the  saturated  drift  velocity  (v  = 107  cm/s  in  Si)  and  X 
s s 

a dimensionless  constant  equal  to  the  ratio  of  the  actual  hole 

concentration  at  the  base  edge  of  the  collector-base  depletion  lay 

to  the  saturated  drift  hole  concentration  o . A numerical 

* s 

solution  for  a single-carrier  model  of  drift  and  diffusion  current 
flow  in  a depleted  region  near  a zero  field  injection  point  is  giv 
later  in  this  chapter.  From  this  single-carrier  solution  a lower 
bound  on  K for  a two-carrier  device  can  be  determined,  but  it  is 
sufficient  for  now  to  simply  acknowledge  the  fact  that  for  base 
donor  concentrations  less  than  5 x 1016  in  Si  the  value  of  K is 
greater  than  five.  Note  that  the  new  boundary  condition,  Eq.  2.11 
is  a smooth  transition  from  the  standard  boundary  conditions,  whic 
is  valid  only  for  lew  collector-base  bias  and  extremely  low  ccliec 
current  densities,  to  a new  boundary  value  which  is  valid  for  any 
bias  level  and  current  density  in  the  normal  region  of  transistor 
ooeration.  In  particular,  for  normal  biasing,  ext  ( V__ / V_ ) <<  1, 

**  * uD  i 

and  current  densities  such  that  p >>  p , Eq.  2.11  simplifies 

‘s  a 

to 


With  this  simplification  the  hole  current  density  at  x = w for  the 
narrow-base  condition  w <<  L can  be  solved  for  in  closed  form  as 


Now  as  w - 0 the 


ent  does  not  grow  without  bound  and  a 


measure  of  physical  reality  is  retained.  For  K = 10.0  the  base 

width  at  which  the  second  tern  in  the  denominator  of  Eq.  2.13  becomes 

unity  is  0.2  ym  for  holes  in  Si. 

The  concept  of  "punch  through"  in  a transistor  is  now  examined. 

Intuitively,  a mathematical  description  of  a transistor  that  is 

punched  through  should  be  obtainable  from  the  standard  transistor 

equations  by  taking  the  limit  as  the  base  width  approaches  cero . 

With  the  standard  boundary  condition  for  minority  carrier  concentration 

at  the  collector  edge  of  the  base  region  this  is  not  possible,  as 

is  evidenced  by  Eq.  2.9*  However,  using  the  simplified  form  of 

2a.  2.11,  F = Kp  , the  limit  as  w -*■  0 of  the  minority  current 
c.  s’ 

density  remains  finite  and  is 

qv  F 

S jn(w)  - nc)  = HP  • (2-lu) 

w-wo  F P h 

At  punch  through,  control  of  the  emitter  injection  process  will  be 
maintained  if  a base  region  majority  carrier  current  path  exists  from 
the  base  terminal  to  a point  along  the  base  edge  of  the  emitter- 
base  depletion  layer,  x = 0 in  Fig.  2.1.  This  path  allows  a 
base  current  to  flow  and  provides  an  independent  means  of  control  over 
the  voltage  across  the  emitter-base  depletion  layer.  This  conduction 
path  of  majority  carriers  must  exist  since  the  presence  of  an 
equal  potential  contour  for  normal  biasing,  path  s in  Fig.  1.2, 
between  an  undepleced  base  region  point,  1,  and  a point  under  the 
emitter  stripe,  2,  precludes  a carrier  concentration  gradient  along 
the  path  as  there  is  no  counter-balancing  path-directed  electric  field 
along  the  path  by  definition.  Thus  transistor  action,  controlled 
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injection  of  minority  carriers,  will  continue  into  the  punch- thro ugh 
mode  of  operation. 

A simplifying  assumption  that  will  aid  in  the  understanding  of 

punch-through  operation  without  detracting  from  the  basic  physics 

of  the  mode  is  that  carrier  recombination  and  generation  can  be 

neglected  within  the  transistor  except  in  the  undepleted 

emitter  and  collector  bulk  regions . After  the  complete  formulation  of 

the  punch-through  transistor  problem,  one  can  always  return  to 

include  the  effects  of  recombination  in  the  forward-biased  emitter- 

base  junction  and  in  the  low-field  portion  of  the  drift  region  as 

well  as  generation  in  the  reverse-biased  collector-base  junction,21 

but  these  corrections  will  not  be  attempted  in  this  study.  Without 

recombination  the  hole  current  ceases  to  be  a function  of  x within 

the  deoleted  reszions,  J (x)  = J (0)  = J , and  the  collector  and 

P P P 

emitter  terminal  currents  become 


and 


(2.15) 


J + J + J 
p nb  ns 


(2.16) 


where  J is  the  electron  reverse  leakage  current  density  of  the 
ns 

collector-base  Junction,  a constant  for  sufficient  reverse  bias,  and 

J . is  the  emitter  electron  current  supplied  from  the  base  terminal. 
nD 

It  is  easily  shown  from  the  electron  current  continuity  equation  at 
x * - w that  the  total  emitter  electron  current  can  be  expressed  as 


J . + J 
nb  ns 


*Dn 

= ~ (?n  - nJ  • 

L n p 


(2.17) 
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where  D and  L are  she  electron  diffusion  coefficient  and  the 
n n 

electron  diffusion  length  within  the  emitter  region,  respectively; 

n^  is  the  thermal  equilibrium  electron  concentration  within  the 

emitter;  and  the  boundary  value  F is  the  electron  density  at  the 

n 

emitter  edge  of  the  emitter-base  depletion  layer,  x = - w . We 
have  assumed  that  the  longitudinal  length  of  the  emitter  region 
is  much  greater  than  the  electron  diffusion  length.  Thus  for  no 
recombination  throughout  the  active  region  of  the  device,  the  emitter 
and  collector  terminal  currents  for  a.  punch-through  transistor  can 
be  expressed  in  terms  of  the  hole  and  the  electron  boundary  values 
for  the  forward-biased  emitter-base  junction.  Estimates  for  these 
values  are  given  in  the  next  section. 

2. 3 Physics  of  Punch-Through  Injection  and  the  3ARITT  Diode 

2.3.1  Punch-Through  Injection.  Previous  investigators22’ 23 
attributed  forward  current  flew  in  punch-through  p+np+  devices 
to  thermionic  emission  over  the  emitter-base  barrier  and  solved  for  a 
no-barrier-maximum  current  density  in  terms  of  an  effective  Richardso 
constant.  Chu  et  ai.,22  without  discussion,  justified  this 
calculation  by  assuming  that  the  mean  free  path  for  momentum- 
randomizing  collisions  was  greater  than  the  base  region  Debye 
length.  However,  the  one  experimental  example  they  present  violates 
this  assumption  by  more  than  an  order  of  magnitude . For  p+np+  Si 
devices  the  mean  free  path  and  the  Debye  length  become  comparable 
in  structures  with  base  doping  densities  in  excess  of  1C17  donors/cm3 
well  above  the  doping  concentrations  of  the  envisioned  devices 
discussed  in  Chapter  I.  Persky24  investigated  the  problem  of  current 
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flow  in  a punch-through  device  and  redefined  the  diffusion  current 
when  carrier  concentration  gradients  in  a field-free  region  approach 
values  that  cannot  be  sustained  by  the  standard  diffusion  process. 

That  is,  when  a carrier  concentration  gradient  predicts 
a value  of  diffusion  current  greater  than  that  of  she  local 
thermionic  emission  limit, 

> qpv-jj,  , (2.18) 

where  v _ is  the  thermal  velocity  of  carriers  in  any  one  particular 
direction,  then  the  definition  of  diffusion  current  must  be 
modified.  Persky  determined  that  the  current  definition  must  be 
altered  by  the  addition  of  a saturation  expression  for  uniformly 

doped  D+np+ Si  devices  with  N,  > 5 x 1017  cm“3. 

* <1 

In  this  study  we  shall  assume  that  the  punched-thrcugh  minority 
carrier  injection  in  the  forward-biased  emitter-base  junction 
can  be  described  by  the  standard  diffusion  process.  After  calculations 
for  carrier  concentrations  and  gradients  are  completed  we  can  check 
for  self-consistency  by  using  Eq.  2.18.  The  only  field-free  point 
within  the  active  region  of  a punch-through  structure  is  the 
transition  point  between  the  emitter-base  and  the  collector-base 
depletion  regions,  termed  the  injection  point  or  x = 0.  So  for 
self-consistency  at  x * 0 it  must  be  true  that 


diff 1 


_ do 
^ p dx 


but 


^(0)vTE  > Jo  ’ 


p(0) 
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and  the  diffusion  self-consistency  condition  reduces 
to 


v 


A worst  case  value  of  v was  given  by  3ero25  for  a point  at  the  border 

■L.  J2d 

of  a sink  region  for  diffusing  carriers  as 


v 


T2 


1/2 


- 2.25  x 10°  cm/s 


for  holes  in  Si,  where  m*  is  the  mobility  effective  mass  of  the 

carrier  (for  holes  in  Si  n*  = 0.38  m , where  n is  the  rest  mass  of 

o o 

an  electron25).  Thus  the  thermal  process  of  diffusion  can  adequately 
describe  hole  injection  in  a pnp  punch-through  device  if  K > 1.5. 

A numerical  solution  for  the  K value  of  a single-carrier  model  of  a 
p+np+  Si  3AEITT  diode  as  a function  of  base  region  doping  density  and 
with  dc  current  density  as  a parameter  is  given  in  Fig.  2.2.  This 
numerical  solution  is  described  in  Section  2.1.  As  can  be  seen, 

K exceeds  the  self-consistency  limit  for  - 6 x 1015. 

Since  the  slope  of  the  electric  field  in  the  low-field  region  on  the 
collector  side  of  the  injection  point  in  a two-carrier  device 
(a  punch- through  transistor)  must  necessarily  be  lower  than  that  in  a 
3ingle-carrier  device  (a  3ASITT  diode),  diffusion  current  must  be 
the  iominant  transport  mechanism  for  a longer  distance  in  the 
reverse-biased  region  of  the  punch-through  transistor  than  in  the 


3A3ITT  diode.  Therefore,  for  the  same  current  density 


FIG.  2.2  INJECTION  POINT  CARRIER  CONCENTRATION  RATIO 


and  for  devices  with  Nd  = 6 x 1016,  Fig.  2.2  assures  that  diffusion 
describes  the  injection  process  in  a punch-through  transistor 
as  well  as  a 3ARITT  diode . 


We  now  make  the  principal  assumption  needed  to  determine  the 


boundary  values  Fg  and  F , the  hole  and  electron  concentrations  on 


the  opposite  3ides  of  the  emitter-base  barrier.  Namely,  the  hole 
and  electron  quasi-Femi  potentials  are  assumed  to  remain 
approximately  constant  across  the  extent  of  the  barrier.  This 
assumption  is  standard  for  low-level  injection  theory  of  a p-n 
junction2’ > 23  and  leads  to  the  standard  boundary  condition.  Fa.  2.3, 
for  the  forward-biased  p-n  Junction,  but  it  is  obviously  not  true  fo 
the  reverse-biased  collector-case  junction  in  a transistor  and  thus 
one  should  not  expect  Fq.  2.3  tc  lead  to  a viable  solution  for  the 


collector  current.  T/  is  defined  as  the  ootential  at  x = - w 

e - e 


and  V + V - V_,  the  potential  at  x = 0,  where  7,  . is  the  built-in 
“ oi  r oi 


potential  of  the  junction  and  V is  the  anplied  voltage  across  the 

r 

junction  depletion  layer . Thus , 


n(-  w ) = n.  e 
e .i 


(V  -5  )/V_ 

e ne  T 


and 


n(0)  s n.  e 


where  n.  is  the  intrinsic  carrier  concentration  of  the  material  and 
$ is  the  electron  quasi-Fermi  potential  at  x = - w . 


Dividing  the 


two  equations  yields  F^  in  terms  of  the  electron  concentration 
at  the  injection  point: 


= n(0)  e 


-(V  -vj/vm 
bi  F T 


(2.19) 


Similarly,  for  holes 


F = p(-  w ) e 

e e 


-<Vbi-VF)/VT 


However,  since 


o(-  w ) = p e 

e 


V /V 
bi'  1 


V.  . /V_ 
(n?/N.)  e bl  * 


1 a 


we  have 


“i  Vtt 

r e 

a 


(2.20) 


For  a transistor  with  quasi-charge  neutrality  at  x = 0, 


n( 0)  = p( 0 ) + Hd 


Thus 


= N. 


- 

1+ 

N 

- i-1 

VVffl  -(vbi-vF)/v, 


(2.21) 


which  reduces  to  the  standard  low-level  form  when  the  second  term 

in  brackets  can  be  neglected  in  comparison  with  the  first. 

2.3.2  The  3ARITT  Diode . A 3ARITT  diode,  an  open-base  punch- 

through  transistor,  can  easily  be  described  by  the  present  formulation. 

The  emitter  electron  current  density  from  the  base  J . is  zero  and, 

no 

since  there  is  no  recombination  in  the  active  region  of  the  diode 


by  assumption,  the  only  electron  current  within  the  diode  is  the 
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constant 
From  Has 


reverse  Leakage  current  of  the  collector-case  junction. 
2. IT  and  2.19  we  find  that 


J 

ns 


lDn  r 

— t 

n l— 


(0)  e 


-(Vv,-7J/Vm 


D1 


The  electron  leakage  current 


o 

ns 


for  a p-n  junction  is-3 


qD  -7v./Vm 

1 n bi  T 

“ Xd  e 


n 

so  the  electron  concentration  at  the  injection  point  of  a 
symmetrically  doped  p+np+  device  can  be  solved  for  and  is  given  by 


-7-/7^ 

n(0)  = 2N,  e 

a 


(2 


/— 


) 


With  this  equation,  the  justification  for  considering  the  3AF.ITT 
diode  as  a single-carrier  device  becomes  evident.  For  any  bias 
above  a moderate  level  of  forward  drive  the  concentration  of  base 
region  majority  carriers,  in  this  case  electrons,  can  be  neglected 
in  comparison  to  that  of  the  injected  minority  carriers.  Specifically, 
the  concentrations  of  holes  and  electrons  at  x = 0 are  equal  when 


7 N 

r - + lln2  • 

T i 

In  Si  at  room  temperature  r%.  = 1.6  x 1013  cm-3  and  for 

8.  * 5 x 1015  cm"3  the  level  of  drive  needed  to  make  the  carrier 

CL 

concentrations  equal  is  7_,/7„  = 13.0. 

The  hole  current  for  a punch-through  pnp  3AFITT  device  can  be 
obtained  from  Eos.  2.1k  and  2.20  and  is  given  by 


ii  Vvt 

£ I 9 


(2.23) 
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The  quantity  qv  nr/KN.  behaves  as  a diode  saturation  current  and, 

a i CL 

since  K is  a very  weak  function  of  J , the  injection  is  exponential 
in  nature.  It  should  be  noted  that  Eq.  2.23  holds  for  the  hole 
current  injected  into  a punch-through  transistor  as  well,  although 
the  value  of  the  saturation  current  will  be  somewhat  smaller 


oince  rCp^  > '^3^5 ITT' 


2 . U Dc  Solutions  for  the  Low-Field  Region  of  a.  BAP.ITT  Diode 

An  approximate  but  computationally  simple  numerical  solution 

for  the  minority  carrier  concentration  in  the  low  electric  field 

region  on  the  collector  side  of  the  injection  point  can  be  obtained 

by  assuming  a piecewise  linear  electric  field  distribution.  That  is, 

the  low-field  region  is  divided  into  21  lumps,  each  lump  of  length  A, 

and  within  each  lump  the  slope  of  the  electric  field  is  assumed  to 

be  constant,  as  shown  in  Fig.  2.3.  A convenient  terminating  point  for 

the  solution  is  the  distance  w needed  for  the  space-charge-free 

electric  field  to  rise  to  a value  E such  that  the  drift  velocity  is 

s 

one  half  its  saturated  value 


A further  assumption  is  that  the  emitter-base  junction's  level  of 
forward  drive  is  such  that  the  majority  carriers  (electrons)  in  the 


active  region  can  be  neglected  in  comparison  with  the  background 


1 


I 
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doping  and  the  injected  minority  carriers  (holes).  In 
satisfy  Gauss's  law  within  each  lump. 


d£ 

dx 


+ P) 


to 


(2.26) 


where  £ is  the  permittivity  of  the  material,  it  is  clear  that  for 
the  slope  of  the  electric  field  to  be  constant  throughout  the  lump 
the  hole  distribution  must  also  be  constant  within  the  lump. 

Thus  the  resulting  hole  distribution  will  be  piecewise  discontinuous. 
Fig.  2.3,  but  in  the  limit  as  N - °°  and  A - 0 a true  solution 
should  be  approached.  The  solution  proceeds  as  follows: 


1.  An  initial  estimate  is  made  for  the  constant  carrier 
concentrations  for  the  N regions. 

2.  At  the  right  most  boundary  of  each  lump  i a hole  drift 
current  is  defined  using  the  average  hole  concentration  between 
lump  i and  lump  i + 1.  That  is, 


(2.27) 


where  E.  is  the  value  of  the  electric  field  at  the  end  of  the 

ith  lump. 


c 


XT 

i-1 


+ 


?i) 


(2.23) 


where  = E(0)  = 0.  Also  a hole  diffusion  current  is  defined 
at  the  same  point,  depending  upon  the  difference  between  the  hole 
concentrations  of  the  ith  + 1 and  ith  lump. 


For  the  i = N case,  p_+.  is  assumed  to  he  equal  to  the  pure 

saturation  velocity  hole  concentration  p . In  addition,  this 

concentration  is  assumed  to  exist  at  x = 10  w , even  if  the 

5 

diode  is  not  physically  this  long.  The  spatial  average  for  the 
hole  concentration  at  x = w^  then  becomes 

9vs 

?s  + 9v  + 0.5A  lpN  ' ?s^  ’ 

s 

and  the  slope  of  the  hole  concentration  at  x = v is 

5 

ps  ' % 

9v  + 0 . 5A 
s 

The  actual  value  of  the  concentration  slope  at  this  point  has  only 
a miniscule  effect  on  the  solution  as  veil  over  90  percent  of  the 
current  flov  at  x = v^  is  by  the  drift  mechanism.  The  ratio  of 
the  drift  current  component  to  the  total  current  over  the  low-field 
region  for  a specific  structure  is  shown  in  Fig.  2.U. 

3.  The  specified  current  density  is  subtracted  from  each 
calculated  current  density;  in  vector  form 

J - J * AJ  . 


FIG.  2.U  RATIO  OF  DRIFT  TO  TOTAL  CURRENT  AS  A FUNCTION  OF 


POSITION  FOR  A p+np+  Si  BARITT  DEVICE. 


(Nd  = 5 x 1015  cm-3,  Jq  = 300  A/cm2  AND  N = 20) 


I 
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If  the  magnitude  of  AJ  is  below  a specified  error,  then  the 
solution  is  considered  converged;  if  not,  continue. 

U.  The  sensitivity  matrix  or  Jacobian  can  be  formed  as 


In  this  case  the  differentiation  can  be  carried  cut  analytically 
from  Sqs . 2.27  through  2.29. 


5.  A first-order  Newton  correction  is  ter formed : 


new 


Olu  r i - i , . 

= £ - [JCJ 


The  iteration  starts  again  with  Step  2 and  continues. 

The  convergence  properties  of  this  method  of  solution  are 
demonstrated  in  Fig.  2.5  which  shews  the  behavior  of  the  calculated 
value  of  K vs.  the  number  of  lumps  in  the  low-field  region  for  a 


particular  structure,  where 


K 


t(G) 


P- 


AJ 

?1  + 2cD 

* t 


As  can  be  seen  a satisfactory  solution,  within  15  percent  of  the 
limiting  value,  can  be  obtained  with  as  few  as  five  lumps.  The 
error  criteria.  Step  2,  for  this  study  was  |AJ|  = 10_:*  A/cm2  and 
the  average  number  of  Newton  iterations  needed  to  achieve  this  level 
of  error  was  five,  starting  from  an  initial  guess  of  p = p for  all 
'Typical  results  for  the  normalized  hole  concentration  and  the 
electric  field  in  the  low-field  region  are  shown  in  Figs.  2.6  through 
2.3  for  structures  with  N = 101S,  5 x IQ15  and  IQ15  cm-3  and 

U 

J = 100,  300  and  500  A/cm2.  Rather  than  present  the  hole 
concentration  in  stepped  form  as  in  Fig.  2.3  a straight-line 


k 


- 1 
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FIG.  2.5  CONVERGENCE  OF  DC  SOLUTION.  (N  = 5 x iO15  cm-3 

AND  J = 300  A/ cm2) 
o 


- 1*  i in 


CARRIER  CONCENTRATION  AND  ELECTRIC  FIELD  AS  FUNCTIONS  OF 
POSITION  IN  THE  LOW-FIELD  REGION  OF  A p+np+  Si  3ARITT 
DIODE.  (N,  = 1 x 10 15  cm-3  AND  J =100  A/ cm2) 


CARRIER  CONCENTRATION  AND  ELECTRIC  FIELD  AS  FUNCTIONS 
OF  POSITION  IN  THE  LOW-FIELD  REGION  OF  A p+np+  Si  3ARITT 
DIODE.  (N  = 5 x iO15  cm'3  AND  J =300  A/ cm2) 


x/ws 

FIG.  2.3  CARRIER  CONCENTRATION  AND  ELECTRIC  FIELD  AS  FUNCTIONS 


OF  POSITION  IN  THE  LOW-FIELD  REGION  OF  A p+np*  Si  3ARITT 

DIODE.  (N.  = i x 1016  cm-3  AND  J = 500  A/ cm2) 
a o 
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interpolation  has  been  used  zc  connect  the  concentrations  at 
midpoint  of  each  lump.  The  results  from  this  dc  solution  are  used 
extensively  in  Chapter  III  in  the  study  of  the  small-signal 
impedance  and  noise  properties  of  the  BARITT  diode. 

2 . 5 Dc  Base  Resistance  in  a_  Punch-Through  Transistor 

A simple  estimate  for  the  effective  width  of  the  transverse 
majority  carrier  current  channel  which  exists  under  the  emitter 
stripe  in  a planar  punch-through  transistor  can  be  obtained  by  using 
the  fact  that  the  majority  carrier  longitudinal  -drift  and  diffusion 
current  components  must  nearly  cancel  each  other  for  a small  total 
electron  longitudinal  current.  For  ail  levels  of  injection,  an 
overestimate  for  the  electric  field  distribution  on  the  collector  side 
of  the  injection  point  is 

q(N.  + JKp  )x 

E -=  h 2 

£ 

A suitable  solution  for  the  electron  concentration,  such  that  the 
electron  drift  and  diffusion  longitudinal  current  components 
exactly  cancel  for  this  assumed  field  distribution,  is  a 
Gaussian  profile 

n(x)  = (Nd  + Kps)  exp  [-(x/a)2}  , 

where 

a2  = 2sVT/q(Nd  + -Cp_)  . 

Thus  an  upper  bound  for  the  resistance  per  unit  length  of  the 

> 

conducting  majority  carrier  channel  for  x = 0 can  now  be  expressed  as 


where  ff  is  the  charnel  conductance  at  x = 0,  a = cu  (3.  + Kp  ; 
o o wn  d *3 

un  is  the  low-field  electron  mobility;  h is  the  length  of  the  emiote 
stripe  into  the  paper  in  Fig.  1.2;  and  the  upper  limit  of  the 
integration  has  been  taken  to  be  infinity  (this  should  introduce 
negligible  error  as  the  actual  base  width  is  much  larger  than  the 
Gaussian  constant  a).  This  integral  can  be  evaluated  in  closed 
form  and  the  result  is  defined  as  the  effective  channel  or  majority 
carrier  base  width 


A plot  of  this  effective  channel  width  as  a function  of  for  low- 
level  injection  is  given  in  Fig.  2.9*  The  actual  value  of  the  base 
resistance  for  a given  geometry  can  now  be  calculated  as 


where  is  the  emitter  stripe  width,  one  factor  of  one-half  is  due 
to  the  fact  that  base  current  only  flows  to  the  center  of  the 
emitter  from  each  edge,  the  other  factor  of  one-half  is  due  to  the 
presence  of  the  two  base  current  paths  from  the  edges  of  the  emitter , 
and  the  factor  of  one-third  can  be  shown  to  arise  from  the  fact 
that  the  transverse  base  current  must  be  equal  to  zero  at  the  center 
line  of  the  emitter  stripe.30  Actual  values  of  will  not  be 
calculated  for  any  part 


icular  structure 


rather  this  calculation 


CHAPTER  III.  SMALL-SIGNAL  MODELS  OF  PUNCH-THROUGH  DEVICES 


AND  SMALL-SIGNAL  NOISE  PROPERTIES  OF  BARITT  DIODES 

3-1  Introduction 

The  determination  of  the  impedance/admittance  or  the  noise 
properties  of  any  semiconductor  device  is  facilitated  to  a great 
extent  by  the  assumption  of  small-signal  conditions.  Under  this 
assumption  dc  quantities  and  equations  are  expanded  in  first-order 
Taylor  series  about  their  quiescent  values  and  the  resulting  equations 
for  the  perturbation  quantities  are  linearised.  This  procedure,  in 
general,  produces  coupled  nonlinear  ordinary  differential  equations 
in  phasor  space  for  the  small-signal  variables  of  interest:  particle 
concentrations,  particle  currents,  terminal  voltages,  etc.  In  this 
chapter,  however,  further  simplifying  assumptions  are  introduced 
such  that  for  each  punch-through  device  studied,  closed-form 
analytic  solutions  can  be  obtained  without  recourse  to  numerical 
techniques . 

The  chapter  begins  with  a discussion,  for  background  purposes, 
of  the  basis  for  all  the  small-signal  models  derived  in  this  study, 
the  common-base  y-parameter  model  for  the  one -dimensional  intrinsic 
diffusion  transistor.  This  model  is  then  modified  to  allow  a smooth 
transition  to  the  punch-through  state,  similar  to  the  modification 
of  the  standard  dc  formulation  for  the  diffusion  transistor  presented 
in  Chapter  II.  The  complete  device  equivalent  circuit  model, 
i.e.,  terminal  voltage  and  current  model,  is  then  developed  by 
inclusion  of  the  transit-time  effects  of  minority  carrier  flow  in 
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the  collector-base  depletion  layer  and  the  Junction  space-charge 


capacitances.  The  snail-signal  characteristics  of  the  punch-through 
transistor  and  the  3ARITT  diode  are  next  discussed  in  detail. 


A second-order  snail-signal  ncdel  for  the  3ARITT  diode  is  presented 
in  which  the  low-field  portion  of  the  drift-diffusion  region 


immediately  adjacent  to  the  forward-biased  injection  region  is 
accounted  for,  akin  to  the  do  analysis  of  Chapter  II.  Finally, 
the  small-signal  noise  properties  of  the  3ARITT  diode  are  developec 
using  the  same  method  employed  in  the  derivation  of  the  small- 
signal  diode  equivalent  circuit. 

For  reference,  the  small-signal  equations  that  describe 
one-dimensional  hole  flow  in  semiconductors  are  given  here: 

1.  The  small-signal  hole  current  density. 


= qp  uE  + qvn  - cD 

o * * ax 


(3.1) 


where  the  dc  drift  velocity  v,  the  small  signal  mobility  y,  and 

the  diffusion  coefficient  D are  all  functions  of  the  dc  field 

2o  only;  that  is,  v = udcSQ , D = ud(,VTt  y = ud(,[l  - (v/vg)],  and 

u . = v / ( E + E ) . 

ac  so  s 

2.  The  total  current  density. 


3.  Gauss 'slaw, 


= Jo  + Jwe! 


= (<l/e)p 


U.  The  hole  continuity  equation. 


- q ~ + > P 

'•o 


(3.2) 


(3.3) 


(3.1*) 
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In  these  four  equations  and  throughout  the  remainder  of  this 
work  all  symbols  which  represent  currents,  voltages,  electric  fields 
and  particle  concentrations  will  be  understood  to  be  in  phascr 
notation  unless  they  possess  a zero  subscript  which  will  indicate 
unperturbed  dc  values . 


3.2  Small-Signal  Transistor  Models 

3.2.1  Common- Base  /-Parameter  Intrinsic  Diffusion  Transistor 
Me del . To  establish  a common  notation  and  a basis  for  the  device 
models  of  this  chapter,  the  theory  of  the  one-dimens ior.al  common-base 
/-parameter  model31  for  the  intrinsic  diffusion  transistor  is  outlined 
in  this  section. 

The  differential  equation  governing  the  distribution  of  the 
small-signal  hole  concentration  in  the  field-free  base  region  of  the 
p+np+  transistor  structure  of  Fig.  1.2  can  be  derived  from  Fas.  3.1 
and  3.^  in  a manner  similar  to  the  derivation  of  the  dc  equation 
(Fa.  2.2)  ana  can  be  expressed  as 


fd 1 Jj 
Idle-  ' L*jJ 

^ o' 


0 , 


(3.5) 


where  L*  is  the  comnlex  diffusion  length 

O 


^ /l  + J(DT 


Completely  analogous  to  the  dc  solution  of  the  transistor  the 
solutions  to  Eq.  3.5  can  be  -used  to  express  the  small-signal 
hole  current  density  at  the  emitter  and  collector  edges  of  the  base 
region  as  (c.f.,  dc  Eqs . 2.3  and  2.U) 


-?0- 


J (0)  = f coth  r~  - f csch 


(3.6) 


J [v  , 

P 0 


* 1*  *^.csch  - r'c  noth  , 


(3.7) 


where  the  hole  concentration  boundary  values  f and  f,  are  the  small- 

signal  counterparts  to  the  dc  values  7 and  7 and  can  he  expressed 

e c 

as  first-order  perturbations  of  these  same  dc  values;  that  is. 


3 V I v efc’ 

“3  EBC 


(3.8) 


(3.9) 


where  v and  v , are  the  small-signal  phasor  voltages  across  the 
emitter-base  and  the  collector-base  junctions,  respectively. 

If  the  Early  effect32  is  present,  i.e.,  the  position  w of  the 
collector  edge  of  the  base  region  is  a function  of  the  collector-base 


and* 

3o  | 

* o j 5v 

v 3x  v avrB 

VCE0  0 CB 

/CB0_ 

v , , 
cb 


(3.10) 


Appendix  A contains  a detailed  derivation  of  the  Early  effect 
correction,  Sq..  3.10. 
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The  total  small-signal  emitter  current  density  must  contain 
a term  due  to  electrons  (base  region  majority  carriers)  that  are 
injected  from  the  base  into  the  emitter.  This  contribution 
can  be  derived  from  an  expansion  of  dc  Eq.  2.17  and  in  phasor 
space  is  given  by 


J (-  v ) 
n e 


qD  3F 

n n_ 

T * 

-J  OV  T.D 

n EB 


"eBO 


^eb ' 


(3.11) 


where  L*  is  the  complex  diffusion  length  of  electrons  in  the  emitter 
region. 

Thus  for  no  recombination  in  the  emitter-base  junction  space- 
charge  region  the  y-parameter  form  for  the  emitter  current  density 
is 


Jn(-  V + Jo(0) 


= y v , + v v 

Ml  eof  yi2  cbf  ’ 


vners 
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L*  3V„ 
n nB 


qD  3F 
o e 


3V. 


E30 


EB 


v 
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csch  7^ 
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(3.13) 


with  it  being  'understood  that  ( 3F  /3V  ) | is  replaced  by 

c CS  C30 

f C 3F  /3V _)|v  ) ’ if  the  Early  effect  is  present.  At  w * w 

c GS  t-stf  * o 

the  y-parameter  form  of  the  collector  current  density  is 


(V  ’ r»lv,b'  * ?22VC6' 


Again,  [(3F  /3V  )L  ]'  would  replace  ( 3F  /3V__)Lr  in  the 
C C30  ' 0 C3  VC30 

presence  of  the  Early  effect. 

A "good"  dc  transistor  is  normally  defined  as  one  for  vhi 

v /L  <<  1 and  the  "low-frequency"  range  of  transistor  operation 

is  the  frequency  region  f <<  f where  f = D /tw2.  The  small 

a a p o 

argument  (jwQ/L*|  <<  1)  expansions  for  the  hyperbolic  functions 
which  are  valid  for  a "good"  dc  transistor  in  its  "low-frequency 
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The  y-parameters  for  this  case  can  be  approximated  as 
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where we  have  ie fined 
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In  the  y-parameter  approximations,  Eqs . 3.16  through  3.19,  it  has 

also  been  assumed  that  the  emitter  is  very  heavily  doped  such  that 

2 

L*  a L and  that  terms  of  the  order  (w  /L  ) can  be  neglected  in 
n n op 

comparison  with  unity. 

With  the  definitions  of  the  circuit  parameters,  Eqs.  3.20 

through  3.25,  the  y-parameter  small-signal  model  car.  be  conf igured 

as  shown  in  Fig.  3.1.  The  base  transport  factor  in  Fig.  3.1 

i3  defined  as  the  ratio  of  y to  the  minority  carrier  cortion  of 

21 

yu;  boat  is, 


Physically,  the  base  tine  constant  and  thus  the  capacitances 
Cas  and  C^s  and  the  cutoff  frequency  fa  are  due  to  minority  carrier 
storage  in  the  base  region  and  the  magnitude  of  the  dc  base 
transport  factor  is  less  than  unity  because  of  carrier  recom- 
bination within  the  base  region. 

3.2.2  Narrow  Base-Width  Considerations . As  the  limiting 
value  of  zero  base  width  is  approached  the  elements  of  the  small- 
signal  model  shown  in  Fig.  3.1  suffer  the  same  fate  as  the  dc 
emitter  and  collector  currents  of  Sqs . 2.10  and  2.9;  they  grow 
without  bound.  Again  this  is  not  a physical  result  and  again  the 
fault  lies  in  the  assumption  of  a pure  voltage  dependency  for  the 
collector  edge  base  region  minority  carrier  boundary  condition. 

If  a voltage  and  current  dependent  boundary  condition  is  assumed 
for  the  hole  concentration  at  x = w , i.e.,  Eq.  2.11 
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(3.26) 


Substituting  this  boundary  value  into  Eq.  3.7  and  solving  for  J (v  ' 

? 0 

yields 
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cotn  — 


Similarly,  when  the  new  value  for  f is  substituted  into  the  hole- 
emitter  current  density  expression  Eq.  3.6,  we  obtain,  in  conjunction 
with  Eq.  3.27, 


Jd(°)  = 
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where  dencm  is  the  denominator  of  Eq.  3.27.  The  new  values  of  the 
y-parameters  are  immediately  obvious  from  Eqs . 3.27  and  3.28;  namely, 
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* Appendix  A also  contains  a discussion  of  the  evaluation  of 
3Fc/3Jp(w)  when  a current -dependent  Early  effect  is  present. 
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o 

where  y signifies  a previously  defined  value  for  the  y-narameter 

* 

y.  , Eqs . 3.16  through  3.19,  and  y°  signifies  the  hole  current 
1 J IIP 

portion  of  Eq.  3.16. 

The  simplest  case  which  allows  the  analytical  evaluation  of 
Eqs.  3.29  through  3.32  and  the  only  one  which  will  he  discussed 
in  detail  in  this  study  is  the  coincidence  of  standard  bias, 
exp  (^cbq/^T ) <<:  an<i  a leve-  infection  for  which  ps  >>  p^ 

but  moderate  enough  such  that  the  current  dependent  Early  effect 
can  be  neglected.  For  this  case,  reference  Eq.  2.12, 


3F 


ajp(w; 


J (v  ) 
pc  o 
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Thus  for  a "good"  dc  transistor  in  its  "lew- frequency"  region 


denom  = 1 + 
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(3.33) 


which  in  the  limit  of  very  small  base  widths  is  the  same  term 
present  in  the  denominator  of  the  expression  for  the  dc  collector 
current  density  Eq.  2.13. 

The  only  circuit  elements  in  Fig.  3.1  which  must  be  redefined 
such  that  the  equivalent  circuit  is  valid  for  ail  values  of  base 


width  are  the  junction  conductances  gg  and  g^;  that  is. 
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aenom 


(3.34) 


and 


g° 


aenom 


(3.35) 


New  as  w — 0 the  elements  and  therefore  the  circuit  currents  do 
o 

not  grow  in  magnitude  without  bound  and  therefore  the  punch-through 
state,  similar  to  the  dc  analysis,  can  be  thought  of  as  simply 
the  limiting  state,  w^  = 0. 

3.2.3  The  Complete  Small-Signal  Model . The  small-signal 

circuit  model  of  Fig.  3.1  is  not  a complete  equivalent  circuit 

model  since  it  represents  only  the  flow  of  carrier  currents  within 

the  one-dimensional  intrinsic  or  case-emitter  region  of  the  transist 

The  terminal  emitter  current  can  be  fully  accounted  for  by  adding 

a shunt  emitter-base  junction  depletion-layer  capacitance  C across 

- 0 
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vhere  the  minus  signs  are  due  to  the  fact  that  the  collector  current 

is  defined  as  positive  into  the  collector.  We  integrate  this  equation 

over  the  collector-base  depletion  layer,  x = v to  x = v + w , 

o o c 

and  obtain 


,'W 

0 *■  J dx  + JtoC  v , 

p c cb  ' 


(3.36) 


where  C c is  the  collector-base  depletion-layer  capacitance  s/v\  and 

fV  +v 

v = - ° c 2 dx  . 

cb'  j 

■ w 

o 

Since  the  minority  carrier  current  density  at  the  collector  edge 
of  the  base  region  J ( ) is  also  the  initial  or  the  injected 
particle  current  density  for  the  collector-base  depletion  layer, 
the  transit-time  effects  of  holes  crossing  the  relatively  vide 
collector-base  space-charge  layer  are  all  contained  in  the  integral 
in  Eq.  3.36  and  can  be  expressed  in  a single  term  or  transit-time 
factor  r.  That  is, 


- Jp(»0)r  - >c0vcb,  , 


where 


r H ~ 
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ox 


The  complete  small-signal  equivalent  circuit  can  now  be  depicted 
as  shown  in  Fig.  3.2. 

One  common  approximation3  3 for  the.  transit-time  factor  r is 
derived  by  neglecting  diffusion  entirely  and  assuming  that  all  the 
carriers  in  the  depletion  region  drift  at  their  saturated  velocity  v 


The  current  density  can  then  be  expressed  as  the  space-charge 

P 


current  wave 


J = J (w  ) e 
o n o 


-j (u/vg ) (x-wQ) 


and  thus  r becomes 


sin  6 , . cos  o-l 

rs  ~ 0 d e 


(3.37) 


the  saturated  drift  approximation  for  r*  where  s is  the  transit  angle 

ujw  /v  . This  estimate  for  r credicts  Qualitative  transit-time 
c s * 

effects  fairly  well  but  its  derivation  obviously  'underestimates  the 
actual  carrier  transit  time  since  the  carriers  that  are  infected 


from  the  base  region  enter  the  depletion  layer  at  velocities  well 
below  the  saturated  value.  A better  approximation  of  the  r Tor  a 
two-terminal  EA3ITT  diode  is  given  in  Section  3.^- 


Small-Signal  Analysis  of  Punch- Through  Transistors 


wnen  tr.e  limiting  value  of  zero  case  widta  w ’ j :s  approacnea, 

the  diffusion  transistor  model  of  Pig.  3.2  evolves  into  the  small- 

signal  model  of  the  punch-through  transistor.  Several  circuit 

simplifications  occur:  At  punch  through  the  base  region  volume  in 

which  carrier  recombination  takes  place  shrinks  to  zero  and  therefore 

the  base  region  dc  transport  factor  becomes  unity  (aQ  = 1). 

The  sane  volume  was  the  minority  carrier  storage  region  thus 

f - » and  the  carrier  storage  cacacitar.ce  C becomes  negligible. 
a - es 

Once  into  punch  through,  the  defined  base  width  is  zero  for  all 
levels  of  punch-through  bias,  and  the  magnitude  of 

the  voltage  dependent  Early  effect  term  3w/3V_,3  is  zero  by  definition. 


3ut  from  Eqs . 2.19  and  2.20  for  all  but  extremely  high  levels 
injection 

' eo 
7_  ’ 

and  the  conductance  ratio  reduces  to 
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e peo 

the  ratio  of  dc  electron  and  hole  emitter  currents.  This  rati 
defined  as  5,  can  also  be  expressed  in  terms  of  the  mere  commc 


dc  emitter  efficiency,  y. 


F /J  , as5=(l-y)/y 
pec  eo  00 


The 


complete  small- signal  equivalent  circuit  for  the  punch-through 

transistor,  with  these  simplifications,  is  shown  in  Fig.  3.3. 

One  important  high-frequency  parameter  for  any  transisti 

structure  is  the  base-resistance  collector-base  capacitance  tin 

constant34  r.C  . A good  estimate  for  the  small-signal  value  o 
be 


base  resistance 


for  no  emitter  crowding  is  to  assume 


■J 


o 
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FIG.  3.3  SMALL-SIGNAL  MODEL  CF  PUNCH-THROUGH  TRANSISTOR. 
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equal  to  its  do  value--  R_,  Zq.  2.30.  The  low-level  injection 
r,  C time  constant  for  the  configuration  of  Fig.  1.2  can  then  he 

DC 

expressed  as 


rbCc  = ^ 


(3.39) 


n c 

It  is  obvious  in  Zq.  3-39  that  in  order  to  minimize  r.C  booh 

d c 

2-1.  and  v„  should  be  maximized.  The  maximum  value  of  the  product  of 
;-L  and  vn  is  limited  by  the  onset  of  avalanche  multiplication  at  the 
collector  end  of  the  collector-case  space-charge  region.  That  is, 
it  must  be  true  that 


qN  v /e  = Z 
d c m 


vr.ere  a zs  the  avalanche  critical  field  intensity  '.approximately 

equal  to  3 x 10-  7/ cm  for  holes  in  Si).  A punch-through  transistor 

constructed  such  that  the  critical  field  is  nearly  reached  at  its 

ic  operating  point  will  be  termei  a ic  maximum  power  structure  and  • 

r.  2 time  constants  for  three  of  these  devices  are  clotted  in 
oc 

Fig.  as  a function  of  emitter  stripe  width.  As  can  be 

seer.,  r.  2 values  of  less 
c c 

for  a wide  range  of  base  dc 
The  normalized  real 
impedances  for  several  dc  maximum  power  structures  are  shown  in 
Fig.  3-5  for  r * Ts  and  one  particular  base  driving  impedance 
(a  resistive  match  at  low  frequencies).  At  very  low  frequencies 
the  principal  contribution  to  the  output  resistances  cones  from  the 
space-charge  resistances  of  the  collector-base  depletion  layers.36 
At  higher  frequencies  the  depletion-layer  transit-time  effects  are 
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STRUCTURES.  [R  = r,  + r , r = (l/'g  ),  J =100  A/cn2 , 
g o e e so 

C /C  = 20  AND  5 = 0.01] 

•a  r* 


clearly  evident  with,  the  first  dip  in  R , occurring  at  a transit 

OU  w 

angle  9 of  approximately  3^/2.  An  enlarged  plot  near  the 

frequency  of  this  transit  angle  for  the  5-um  device  (w  - base  width 

is  shown  in  the  insert  to  the  figure.  For  larger  values  of  base 

drive  resistances  R , the  device  outout  resistance  can  actually 

«> 

become  negative  for  frequencies  near  the  3^/2  transit  angle  value, 
and  if  the  base  connection  is  RF  open  circuited  the  three-terminal 
dc  punch-through  transistor  can  appear  as  a two-teminai  negative 
resistance  BARITT  diode.  As  mentioned  in  Chapter  I,  the  presence 
of  dc  electrons  (base  region  majority  carriers)  at  the 
injection  point  would  tend  to  suppress  the  deleterious  self- 
limiting  effects  of  the  space  charge  of  the  injected  holes. 

'Thus  the  device  should  be  capable  of  larger  injection  levels  ar.d 
therefore  larger  output  RF  power  levels  compared  to  the  two-terminal 
BARITT  diode  counterpart . 

The  -unilateral  gain  U of  an  amplifying  device  is  the  maximum 
available  gain  of  the  structure  after  ail  internal  feedback  has  been 
neutralized.  It  is  the  most  indicative  parameter  of  potential 
usefulness  for  an  active  device  as  it  is  independent 
of  device  orientation  (common  base,  etc.).  The  unilateral  gain  as 
a function  of  frequency  for  the  model  of  Fig.  3-3  can  be  expressed 
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- Ia(«)  + 


2irr  o 
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where  r9  = [ga(l  + 5) l”1  and  a is 


the  common-base  current  gain 


s r 

ct  = 

gs(l  + <5)  + >ce 

Calculated  unilateral  gains  for  two  dc  maximum  power  punch-through 
transistors  are  shown  in  Fig.  3-6.  3oth  structures  show  usable  gain 
up  to  and  past  10  C-Ht.  The  calculation  of  U was  halted  when  a 
frequency  was  reached  such  that  the  imaginary  part  of  a changed 
sign  due  to  transit-time  effects.  At  frequencies  immediately 
above  such  a value  the  possibility  of  chip  negative  resistance  exist 
and  U no  longer  has  any  meaning.  This  does  not  indicate  that  the 
devices  are  unusable  at  these  frequencies,  only  that  stability  may 
become  the  dominant  circuit  design  concern.  If  the  device  is 
intended  to  function  as  an  oscillator  ohe  presence  of  chip  negative 
resistance  may  well  add  to  its  capabilities . 

The  experimental  results  presented  in  Chapter  I for  the  low- 
frequency  punch-through  device  proved  that  not  only  can  transistors 
function  in  the  punch-through  mode  but  that  they  also  show  improved 
performance  in  this  region  of  operation  provided  they  are  in  the 
correct  impedance  environment.  The  theoretical  and  experimental 
results  for  the  punch- through  transistor  that  have  been  presented 
in  this  study  must  be  considered  to  be  preliminary  and  are  far 
from  exhaustive,  but  they  do  indicate  the  feasibility  of  the  device 

3.^  Small-Signal  3AP.ITT  Diode  Analysis 

3.^.1  Theory . Since  the  BABITT  is  basically  an  open-base 


punch-through  transistor  a first-order  small-signal  model  for  the 
device  can  be  obtained  directly  from  the  punch-through  transistor 
model  of  the  previous  section  by  simply  eliminating  the  base  region 


FREQUENCY,  Hz 


FIG.  3.6  UNILATERAL  GAIN  FOR  DC  MAXIMUM  POWER  STRUCTURES 
(L  = 1 urn,  J =100  A/cm2,  6 = 0.01  AND  C /C 
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majority  carrier  circuit  elements:  namely  r.  and  5s  . The  impedance 

o °e 

ex'  the  diode  can  then  ce  expressed  as  the  series  combination  of  a 
forward-biased  junction  Zv  and  the  injection-current -dependent 
impedance  of  the  back-biased  junction  Z-,.  That  is, 

D 


ZF  + *3 


where 


Z„ 

J 


and 


*e  + JU)Ce 


l - r m 
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jwC. 


(3. to) 


(3-Ul) 


The  complex  quantity  M is  the  ratio  of  the  injected  particle  current 
to  the  total  diode  current,  or  in  terms  of  the  circuit  elements  of 
the  forward-biased  region 


M = 


g„ 


g. 


(3.t£ 


e “ e 

This  approach,  modeling  the  diode  as  a forward-biased  region  in 
series  with  a reverse-biased  saturated  drift  region,  was  first 
put  forth  by  Weller3 8 in  his  study  of  the  MSM  structure. 

The  method  is  similar  to  the  calculation  of  the  small-signal 
impedance  of  a Read-type  IMPATT  diode  published  by  Gilder,  and  Hines,  3 - 
differing  only  in  the  physics  of  the  injection  mechanism. 

The-  second-order  small-signal  3ARITT  diode  model  formulated 
in  this  study  is  an  extension  of  Weller's  work,  retaining  the 
simple  description  of  the  forward-biased  region  but  expanding  the 
treatment  of  the  reverse-biased  drift-diffusion  region  by  assuming 
the  region  can  be  described  as  a perturbation  of  the  single-carrier 


arultisection  dc  model  presented  in  Chapter  II.  Recall  that  in 
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the  dc  solution  the  low-field  portion  of  the  drift-diffusion  region 

is  divided  into  N one-dimensional  lumps.  Fig.  2.3.  The  dc  minority 

carrier  concentration  within  each  lump  is  assumed  to  be  constant 

over  the  extent  of  the  lump,  i.e.,  p . = constant,  independent 

*01 

of  x.  The  only  additional  assumptions,  over  those  utilised  in  the 
dc  study,  needed  to  reduce  the  small-signal  equations,  Eqs . 3.1 
through  3 . d , to  an  analytically  solvable  set  are  the  working 
hypotheses  of  constant  values  for  D,  v and  p within  each  lump. 

Since  the  actual  values  of  the  diffusion  coefficient  D,  the  dc 
drift  velocity  v,  and  the  small-signal  mobility  p all  depend 


on  the  dc  electric  field  S which  is  a linear  function  of 

o 

position  within  each  lump,  the  realization  of  constant 
lump  values  for  D,  v and  p requires  that  these  quantities  be  re- 
defined. After  much  experimentation  the  lump  values  for  0,  v and 
u that  have  been  chosen  for  use  in  this  study  are  the  spatial 
average  values  of  each  lump.  That  is. 
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and  so  on.  Simple  integration  yields 
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where 


The  resultant  error  introduced  by  the  use  of  average  values  for  the 
diffusion  coefficient,  the  dc  drift  velocity,  and  the  snail-signal 
nobility,  as  with  the  error  resultant  frcn  the  previous  dc  analysis 
assumption  of  a constant  lump  ninority  carrier  concentration, 
is  expected  to  diminish  as  the  number  N of  low-field  lumped  regions 
used  in  the  node!  is  increased. 

The  small-signal  equations,*  Sqs . 3.1,  3.3  and  3.4  can  now 
be  combined  to  form  a linear,  constant  coefficient,  homogeneous, 
ordinary  differential  equation  for  -be  minority  carrier  concentration 
p„.  within  each  lump: 


( 


v. 

i 


dx 


(3.43) 


where  c.  = ct>  . y,  is  the  minority  carrier  equivalent  conductivity 
i **oi  i 

of  each  lump  i,  v.  is  the  constant  drift  velocity  and 

D.  is  the  constant  diffusion  coefficient  u. /V  . The  secular  equation 

for  exp  (y:c)  solutions  of  Eq.  3.43  has  roots 


y.  = ‘£5“[vi+  + UDilCTi  + (3.44) 

which  implies  a forward  and  a reverse  space-charge  wave  within  each 
lump.  Since  the  values  of  the  parameters  ’under  the  radical  are  all 
positive  quantities  the  space-charge  wave  associated  with  the  plus  sig 
in  Eq.  3.44  travels  in  the  negative  x-direction.  The  concept  of 

* Recombination  lifetime  t3  for  a single-carrier  model  is  infinite 
by  definition. 
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holes  in  effect  diffusing  back,  against  a positive  directed  .drift  flow 
is  physically  unappealing  except  in  a very  snail  region  near  the  injec- 
tion point  x = 0.  We  therefore  neglect  this  portion  of  the  solution 
in  each  lump;  that  is,  all  injected  holes  are  assumed  to  be  collected 
and 


Y . 


?,  U)  = p:  e 


where  pT1  is  the  injected  small-signal  hole  density  for  the  ith  lump, 
Im( y . ) is  always  a negative  quantity  and  z is  the  local  spatial 
variable.  Substituting  this  solution  back  into  the  small-signal 
equations  and  solving  for  the  particle  current  density,  we  obtain 
after  some  algebra 

Y.z  ola,  r Y ■ z\ 
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a.  + jwe  t. 


(3>5) 


where  again  the  0 superscript  indicates  the  injected  or  initial 
value.  An  equivalent  circuit  for  each  lump  of  the  low-field 
region  of  the  diode  can  be  developed  from  Sq.  3-^5  in  a manner 
similar  to  the  derivation  of  the  collector-base  depletion-layer 
model  given  in  Section  3.2.3:  The  expression  for  the  total  current, 
Eq.  3.2,  is  averaged  over  the  extent  of  each  lump;  that  is. 
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where 


= e/A  , 
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This  equation  is  represented  by  the  equivalent  circuit  shown  in 
Fig-  3- 7a.  The  equivalent  circuit  for  the  entire  diode  can  then 
be  constructed  as  the  series  connection  of  the  forward-biased 
region,  the  N lumped  lew- field  regions,  and  the  saturated  drift 
region  as  shewn  in  Fig.  3.713.  The  saturated  drift  region  can  be 
treated  as  the  H + 1 lump  low-field  region  if  the  following 
aodifications/simplifications  are  utilized:  v„ ..  = (<v>,Tj,  + v )/2, 

ri+i  H+1  S 


D„.,  = D(E^  = Ea)  - vaV(2Ea),  Aw+1  = w=  - w3  and  a = cs 


0. 


The  equivalent  circuit  of  Fig.  3.713  can  be  considerably 
simplified  by  use  of  some  rather  tedious  algebra:  The  total  small- 
signal  voltage  Vg  across  the  reverse-biased  drift-diffusion  region  is 
the  sum  of  all  the  lump  small-signal  voltages, 

N+l 

V3  * I Ti  ' 
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but  from  Eq.  3.1*6 
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FIG.  3.713  COMPLETE  EQUIVALENT  CIRCUIT  FOR  THE  SECOND-ORDER 
3ARITT  DIODE  MODEL. 
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Using  Eq.  3.^5  we  can  fora  a general  expression  for  the  injected 
particle  current  into  each  lump: 


J°.  = J°.M.  + J N.  , 
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Substituting  into  Eq.  3.^7  yields 
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which  can  be  expressed  as 
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The  equivalent  circuit  for  Eq.  3.^8  is  shown  in  Fig.  3.8.  One 
advantage  of  this  reduced  form  is  its  similarity  to  the  first- 
order  model  of  Eq.  3.^1.  By  direct  analogy  the  second-order  diode 
impedance  can  thus  be  expressed  as 
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3.^.2  Results . The  convergence  properties  for  the  small- 
signal  diode  model  as  a function  of  the  number  of  low-field  sections 
N is  demonstrated  in  Fig.  3-9  where  the  small-signal  resistances  of 
a typical  X-band  p+r.p+  Si  diode  are  plotted  vs.  frequency.  The 
diode  has  a base  region  width  of  6.0  ym,  a base  region  doping 
density  of  3.3  x 10 1 5 cm"3,  and  a dc  current  density  of  50  A/ cm2. 

As  can  be  seen,  even  two  low-field  sections  are  sufficient  for  a 
reasonable  convergence. 

Theoretical  values  of  diode  small-signal  resistances  are 
given  in  Fig.  3.10  for  the  three  p+np+  Si  diode  structures  that 
were  experimentally  characterized  by  Snapp  and  Weissglas . 10 
The  diode  descriptions  and  the  measured  conductance  values  are  given 
in  the  inserts  to  the -figure.  The  agreement  is  quite  acceptable  and 
lends  confidence  to  the  overall  accuracy  of  the  model. 

Finally,  the  theoretical  values  of  small-signal  negative 
resistances  for  four  of  the  eight  dc  maximum  power  p+np+ Si  diode 
structures,  described  in  Table  3.1,  are  plotted  in  Fig.  3.11  as  a 
function  of  frequency.  The  dc  current  density  for  each  diode  has 
been  scaled  from  diode  No.  1,  approximately  proportional  to  base 
region  doping  density,  according  to  the  scaling  law  given  in 
Chapter  I.  Parameters  for  diode  No.  1 are  those  of 
device  No.  1 described  in  Reference  23.  Also  shown  in  Fig.  3.11 
is  the  f~2  behavior  of  the  maximum  value  of  negative  resistance. 
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Table  3.1 

Dc  Maximum  Power*  p+np+  Si  3ARITT  Structures 


Device  Ho. 

Base  Width 
' v_  (urn) 

Base  Region  Doping 
N^/101 5 (cm-3 ) 

J 

0 

( A/ cm' 

1 

6 

3.3 

260 

2 

5 

4.0 

320 

! 

! 

3 

4 

5.0 

400 

i 

4 

3 

6.6 

520 

• 

5 

2.5 

8.0 

630 

6 

2.0 

9.9 

780 

7 

1.5 

13.0 

1000 

3 

1.0 

20.0 

1600 

I 


* wN,  = 20  um*cm”3. 
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These  eight  do  maximum  power  structures  are  reexamined  under 
large-signal  conditions  in  Chapter  VI. 

The  small-signal  3ARITT  diode  model  presented  in  this  section 
forms  the  basis  for  the  detector  and  four.- frequency  mixer  studies  of 
Chapter?  IV  and  VII,  respectively . 


3 ■ 5 Small-Signal  3ARITT  Diode  Noise  Analysis 

Noise  contributions  to  3AFITT  diode  small-signal  voltages 
and  currents  arise  from  two  primary  sources:  the  randomness  of  the 
injection  process  (shot  noise)  and  the  carrier  velocity  fluctuations 
within  the  drift-diffusion  region  (diffusion  noise).  The 
methods  employed  in  this  study  for  analyzing  these  two 
.independent  processes  are  extensions  of  the  work  of  Haus  et  al.40>41 


who  considered  a simnlified  MSM  structure  similar  to  the  first-order 


model  presented  in  the  previous  section. 

3.5-1  Shot  Noise . Dc  currents  injected  across  a forward- 
biased  o-n  junction  exhibit  a short-circuited  noise  cower  soectrum 


of  the  form42 


2qJ  Af 

Wlz  = — f— 


where  J is  the  dc  current  density,  A is  the  cross-sectional  diode 
o 

area,  and  Af  is  the  observation  bandwidth.  This  noise  source 
can  be  incorporated  into  the  second-order  model  of  Fig.  3.8  by  its 


inclusion  as  a shunt  current  generator  Z across  the  forward-biased 

ns 

portion  of  the  diode,  Fig.  3.12.  The  open-circuit  diode  noise 
voltage  can  then  be  calculated  as  follows:  The  noise  voltage 


v across  the  forward-biased  region  must  oroduce  particle  and 
Fn 
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displacenent  currents  such  that  the  total  diode  current  is  zero; 
that  is, 


ge  + Ju>Ce 


Sixiiariy,  the  voltage  across  the  drift-diffusion  region  v_  due 

3n 

to  the  injected  particle  current,  J + g v„  , is 

ns  e :n 


= - J 


-'“Vs 

nS  Y3(ge  + juCe' 


The  mean  square  value  of  the  total  diode  open-circuit  shot  noise 


voltage,  v = v_  + v , can  then  be  expressed  as 
ns  * n on 

. Ir,  + ,1ojC  r„ 

TZ T2  _ TV — T2  e B 


ij — f2  e a 
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(3.52) 


The  results  given  in  Reference  hi  neglect  v_  ana  can  be  obtained 

r n 

from  3c.  3.52  by  setting  F_  = T and  Y,  = jojC  . 
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3.5.2  Diffusion  Noise.  Several  authors43-45  have  shewn 
that  the  noise  due  to  dc  carrier  velocity  fluctuations  in  a drift- 
diffusion  region  is  distributed  in  nature  and  can  be  represented  by 
a continuous  series  of  uncorrelated  small-signal  noise 


current  sources.  The  correlation  function  for  these  distributed 


sources  cs 


J .(x)J*  (x')  = 

nd  na 


4q2Dp  a f 


5(x  - x’ ) , 


(3.53) 


where  pQ  is  the  dc  hole  concentration,  D is  the  hole  field-dependent 
diffusion  coefficient,  and  5(x  - x’)  is  the  impulse  function. 

Over  a small  enough  interval  J ^ can  be  considered  a constant, 
independent  of  position.  The  particle  current  density  within  this 


interval  can  then  be  solved  for,  similar  to  the  formulation  of 
Sq.  3.1*5,  as 


Jp(z) 
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*■  Jwe  nd 
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where  again  z is  the  independent  spatial  variable,  z = :c,  and 
i = qpQu.  If  the  length  of  the  interval  is  small  enough  such 
that  it  approaches  the  differential  dx,  then 


JD(z  = x + dx)  = 


- --  — J (x)  dx 

o + jwe  nd 


The  open-circuit  differential  voltage  across  the  drift-diffusion 
region  due  to  this  one  noise  current  source  is 

rnd( 


dv. 


yJ_J(x)  rw 
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a + w 
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Thus  by  superposition  the  voltage  due  to  a continuum  of  noise 
sources  is 


Bnd  JQ  o(x)  + jwe 
which  has  a mean  square  value  of 
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Using  Sq.  3-53,  i v3nd^  reduces  to 
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or , in  terms  of  the  lump  boundaries 
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where 
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Equation  3-5**,  though  complicated,  can  be  evaluated  in  closed  form. 
The  results  given  in  Reference  U2  can  be  obtained  from  Eq.  3.5**  by 
using  only  one  section,  assuming  a saturated  drift  velocity  and  no 
diffusion  in  the  calculation  of  y,  and  setting  1 = 0. 

Since  no  diffusion  noise  is  associated  with  the  forward-biased 
region  of  the  diode,  the  open-circuit  diffusion  noise  foi 
diode  |v 


he  entire 


nd ' 


is  equal  to  Iv^. 


3-5.3  Results . The  computed  mean  square  open-circuit  noise 


voltages,  shot  and  diffusion,  for  the  typical.  X-band  Si  p np  3ARIT5 
diode  discussed  in  Section  3. **.2  are  shown  in  Fig.  3.13  as  functions 
of  frequency  and  bias  current  density.  In  the  negative-resistance 
region  of  the  diode,  the  two  mean  square  noise  voltages  can  be  added 
(they  are  uncorrelated)  and  used  to  compute  the  noise  measure  of 
the  diode: 


noise  measure 


|v  |2  + |v  J2 
ns  ' ' nd' 


U|R.|qVT4f 


The  noise  measure  of  the  X-band  diode  of  Fig.  3.13  as  a function  of 
frequency  and  bias  is  shewn  in  Fig.  3.1**. 
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The  simple  theoretical  noise  theory  of  this  section  is 

compared  with  the  experimental  measurements  of  BJorkman  and  Snapp46 

in  Fig.  3.15.  As  in  the  theoretical  study  of  SJolund,47  a resistance 

of  1.5  x 10  4 f2-cm~  has  been  assumed  to  be  in  series  with  R to 

d 

account  for  substrate/contact  loss.  Diode  heating  has  not  been 
considered  in  the  theoretical  model;  however,  at  low  current 
densities  the  agreement  is  quite  satisfactory. 


CHAPTER  IV.  BAR ITT  DIODE  VIDEO  DETECTORS 


1.1  Introduction 

The  forvard-'oiased  junction  of  the  BARITT  diode,  as  discussed 
in  Chapter  II,  exhibits  near  exponential  injection  of  minority 
carriers  over  its  barrier  and  therefore  a near  exponential  particle- 
current  voltage  relationship  when  the  total  device  is  in  the  punch- 
through  mode.  We  can  exploit  this  nonlinearity  of  the  BARITT  diode 
injection  process  and  produce  an  efficient  detector  of  microwave 
power  in  two  fundamentally  different  manners . The  first  detection 
scheme  takes  advantage  of  the  ability  of  the  diode  to  present  a 
negative  resistance,  due  to  transit-time  effects,  at  its  terminals 
over  a certain  frequency  range.  Within  this  region  of  negative 
resistance,  incident  signals  upon  the  diode  are  amplified  by  the 
reflection  process  with  the  magnitude  of  the  reflection  gain 
determined  by  external  circuit  constraints.  Thus  it  is  possible 
to  have  the  magnitude  of  the  voltage  that  appears  across  the 
forward-biased  portion  of  the  diode  larger  than  the  magnitude  of 
the  incident  signal  itself.  That  is,  the  diode  is  capable  of 
simultaneous  amplification  and  detection.  The  second  method  of 
detection  makes  use  of  the  fact  that  for  frequencies  higher  than 
those  in  the  region  of  diode  negative  resistance  the  real  part  of  the 
impedance  of  the  reverse-biased  portion  of  the  diode  remains  positive 
but  falls  to  very  low  values.  For  certain  bias  levels  the  resistance 
of  the  reverse-biased  region  can  fall  below  the  series  resistance 
which  accounts  for  the  loss  in  the  substrate  of  the  diode  structure 
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making  it  appear  that  the  reverse-biased  region  of  the  diode  has  been 
effectively  shorted  cut.  The  detector  as  a whole  then  acts  similar  to 
an  exponential  diode  detector  with  an  extremely  high  cutoff  frequency. 
Both  of  these  methods  of  detection  are  discussed  in  detail  in  this 
chapter . 

3ARITT  diode  detectors  differ  from  exponential  diode,  Schottky- 
barrier  and  point-contact  detectors  in  the  following  ways:  ( 1 ) they 
can  attain  negative  resistance,  (2)  they  do  not  have  undepleted  high 
resistivity  regions,  and  (3)  they  are  minority  carrier  devices, 
although  recombination  plays  no  role  in  their  operation.  The  negative- 
resistance  tunnel-diode  detector  can  amplify  and  detect  simultaneously 
and  the  back  diode  detector  does  not  have  a high  resistivity  undepleted 
region.  However,  both  of  these  devices  possess  degenerately  doped 
junctions  which  dictate  untractable  millimeter-wave  device  junction 
areas  and  thus  are  not  compared  to  the  high-frequency  3ARITT  detectors 
studied  here. 

U.2  Extonential  Diode  Detector  Theory 

The  detector  circuit  models  considered  in  this  study  are  shown 
in  Figs.  U.l.  The  impedance  trans forming-resonating  circuit,  usually 
a two-port  microwave  cavity,  is  shown  in  general  form,  Fig.  U.la,  and 
can  be  characterized  by  any  of  its  two-port  parameters;  in  this  case 
its  A3CD  parameters.  At  the  diode  terminals  the  generator  and 
resonator-transformer  can  be  replaced  by  their  Thevenin  equivalents 
as  shown  in  Fig.  U.lb.  The  diode  small-signal  impedance  is  shown  as 
the  series  combination  of  a resistance  due  to  the  loss  in  the  diode 
undepleted  layer  and  substrate  and  the  parallel  impedance  of  the  barrier 
conductance,  g^  * IQ/V^,  and  the  barrier  depletion-layer  capacitance,  C^. 


FIG.  i* .1  (a)  GENERAL  EXPONENTIAL  DIODE  DETECTOR  CIRCUIT 

jari^r1.  (t>)  THEVENIN  EQUIVALENT 

DETECTOR  CIRCUIT  V'  = V /(A  + CR  ) , Z'  = 

g g g ’ g 

(3  + DR  ) / (A  + CR  ) = R'  + JX’ . 
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A detectable  rectified  voltage  signal  is  read  across  the  bias 

resistance  R due  to  the  flow  of  rectified  microwave  current, 
o 

Rectification  occurs  due  to  the  nonlinear  exponential  injection 

of  majority  carriers  across  the  barrier.  The  magnitude  of  the 

rectified  current  can  be  determined  analytically48  by  expanding  the 

expression  for  the  particle  current  injected  over  the  barrier  in  a 

Taylor  series  about  its  quiescent  value  and  extracting  the  dc  component 

due  to  the  small-signal  RF  voltage  across  Z^.  The  maximum  detected 

voltage  sensitivity  y (V  at  loop  resonance  normalized  to  the  available 

n 

power  of  the  generator  with  R >>  the  video  resistance  of  the  diode  Rv) 

o 

can  then  be  expressed  as 


Y 


kB*<Rs  * V 

2 

|A  + CR  j (R'  + R + R.  ) 
g g s o 


IS 


2Vas 


2 


+ R.  ) 
o 


= n 


(b.D 


where  the  first  term  n.is  the  efficiency  of  the  transforming  network 

in  delivering  tower  to  the  diode  terminals  and  the  second  term  y is 

m 

the  maximum  voltage  detection  sensitivity  of  the  diode  structure 

itself,  independent  of  any  circuit.  Since  R.  = Re(Z.  ) y can  be 

o o m 

rewritten  as 


R 

s 

T”  2Vt|V,(1  * SR,>  * (f/fc>2] 

where  f is  the  cutoff  frequency  defined  by 


f 

c 


1 

2vC.  R 
b s 


(U.2) 
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note  that  f is  a function  of  the  bias  point.  An  ideal  exponential 

diode  would  have  no  series  resistance  and  could  be  characterised  by  the 

ideal  detected  voltage  sensitivity  y = (2V  g )_1  on  an  equal  bias 

mo  r d 

current  criterion.  'Thus  a measure  of  detector  ideality  is  the  ratio 


of  Y to  Y ; that  is , 
m mo 


Ideality 


At  an  optimum  bias  current  such  that  g,  H,  = f/f  , neglecting  the  rela- 

Do  C 

tiveiy  weak  dependence  of  C,  on  bias,  ootimum  ideality  = 1/ fl + 2( f /f  )] 

o c 

The  cutoff  freauency  f is  chosen  as  the  nrincinal  theoretical 

c * 

basis  for  comparing  the  quality  of  exponential  diode  detectors.  Other 
parameters  such  as  noise  equivalent  power  (NEP)  in  a 1-Ez  video  band- 


width, video  resistance  H.^.,  and  square-law  dynamic  range  are  also 
important.  In  the  main,  the  higher  the  device  cutoff  frequency,  the 


better  detector  it  will  be. 


1 . 3 3ARITT  Diode  Detectors 

A 3ARITT  diode  detector  circuit,  Fig.  U.2,  differs  from  the 
exponential  diode  detector  circuit  only  in  its  depiction  of  the  semi- 
conductor device.  The  3ARITT  diode  series  impedance  is  divided  into 
three  values:  a resistance  Rg  representing  the  loss  in  the  highly 
conductive  substrate-contact  regions  of  the  diode,  a forward-biased 
p-n  Junction  impedance  Z_  representing  the  injecting  Junction,  and  a 
diffusion-drift  region  impedance  1^  representing  the  transit-time 
effects  of  minority  carrier  flew  in  the  reverse-biased  Junction  of 
the  diode.  Displacement  current  reactances  are  also  included  in  Z^. 

Rectification  occurs  in  the  forward-biased  Junction  due  to  its 
nonlinear  injection  of  base  region  minority  carriers  into  the 
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diffusion-drift  region.  Similar  to  the  analysis  of  the  exponential 
diode,  the  expression  for  the  particle  current  through  the  forward-biased 
region  can  be  expanded  about  its  bias  value  in  a Taylor  series  and  the 
dc  component  due  to  the  small-signal  RF  voltage  across  Z can  be 
isolated.  The  loop  resonance  maximum  detected  voltage  sensitivity  can 
then  be  expressed  as 

ur*|rs  * r?  + Rsi  < iz?r 

A + OR  | 2 ( R ' + R + Rv  * R- ) 2 2VT  * ?‘s  + RF  + R3' 
g 1 g s 3 3 

= n • Ym  , (u-3) 


where  R_  = Re(Z„),  R_  = Re(Z_)  and  the  absolute  value  requirements  in  n 
t F 3 B 

and  reflect  the  possibility  of  negative  R^ . As  the  impedance  and 

detection  characteristics  of  a forward-biased  p-n  junction  with  no 

\ 

recombination,  i.e.,  the  forward-biased  region  of  the  3ARITT  diode,  are 
formally  the  same  as  those  of  the  majority  carrier  Schottky -barrier 
exponential  diode,  a functional  explanation  of  the  3ARITT  diode  detector 
operation  is  this:  a BARITT  diode  detector  is  an  exponential  diode 
detector  in  series  with  a dependent  diffusion-drift  region  impedance* 

Z^-  In  essence  the  behavior  of  determines  the  comparative  usefulness 
of  the  detector. 

The  two  fundamental  modes  of  BARITT  diode  detector  operation  can 
now  be  identified.  The  first  is  the  negative-resistance  mode,  R^  < 0, 
and  the  second  is  the  passive  mode,  R^  > 0.  The  negative-resistance 
mode  can  be  further  quantified  in  terms  of  the  level  of  negative 


* The  impedance  of  the  reverse-biased  portion  of  the  diode  is  termed 
dependent  since  it  is  a function  of  the  ratio  of  injected  particle 
current  to  the  total  diode  current,  c.f.,  Chapter  III. 


k 
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resistance,  i.e.,  R^  < -(Rs  + Rp) , -(R  + R^)  < R^  < - R^ , and  so  on, 
but  our  primary  interest  will  be  centered  on  the  case  of  total  diode 
negative  resistance, 


Hd  = Rs  * “3  * 


The  designation  "negative-resistance  mode"  will  be  restricted  to  this 
case  alone. 

The  expression  for  maximum  detected  voltage  sensitivity, 

Zq.  U.3,  can  be  specialized  for  each  of  the  modes  of  3ARITT  diode 
detector  operation  into  forms  which  are  better  suited  to  the  individual 
characteristics  of  the  mode.  The  maximum  responsivity  of  the 
negative-resistance  node  can  be  rewritten  as 


y = 


|A  + CR  | 2 ( R ’ - Rj2 
g g d 


R'  - RJ 
_£ £ 


D » + Q 

IS  "dj 


2V_ ! R . I 
T 1 d 1 


(U.U) 


where  the  center  term  is  recognized  as  the  power  gain  of  a negative- 
resistance  reflection-type  amplifier.  The  identities  of  the  other  two 
terms  remain  as  before,  the  transforming  circuit  efficiency  and  the 
device  maximum  detection  sensitivity.  The  responsivity  expression  for 
the  passive  mode  can  be  manipulated  into 


y = 


URgRd 


R' 

s 


|A  + CRg|2(Rg  + Rd)2  2Vt[5fRs(1  + ^s5  + (f/fce)2J 


(U.5) 


where  R’  = R + and  an  effective  cutoff  frequency  has  been  defined 
S S B 

f = 1 

ce  " 2*Cf(Rs  * V ‘ 


Note  that  the  effective  cutoff  frequency  is  not  only  a function  of  bias 


but  also  is  a function  of  frequency,  R^  = R^(f). 

Again,  the  first  term  in  Eq.  4.5  is  the  transforming  circuit 
efficiency  and  the  second  is  the  device  maximum  detection  sensitivity. 
In  direct  analogy  wioh  the  exponential  diode  detector  the  effective 


cutoff  freauency  f is  chosen  as  the  figure  of  merit  for  the  oassive 
ce 

mode  3ARITT  diode  detector.  A sensitivity  figure  of  merit  for  the 
negative-resistance  mode  detector  is  discussed  in  the  next  section. 


4.4  Theoretical  and  Experimental  Results 


The  theoretical  negative-resistance  mode  detection  idealities, 

Y /y  , for  four  of  the  eight  Si  p+no+  dc  maximum  newer  structures  of 
m mo 

Table  3.1  are  shown  in  Fig.  4.3  as  a function  of  frequency.  The  bias 

conditions  for  each  diode  are  as  given  in  Table  3.1  and  a minimum 

magnitude  of  diode  negative  resistance,  2 x 10“6  Q-cm2 , is  the  criterion 

for  the  determination  of  useful  negative  resistance  ( 10— 3 il-cm  resistivity 

substrate,  10  urn  thick).  Presentation  of  the  data  in  the  format  of 

Fig.  4.3  can  be  confusing  for  it  appears  that  the  ideality  and  therefore 

the  detector  quality  improves  toward  the  edges  of  the  negative-resistance 

regions  and  with  higher  frequency  devices.  It  is  true  that  the  ideality 

by  definition  behaves  in  this  manner ; however , the  ability  to  produce 

stable  reflection  gain  must  also  be  taken  into  account,  i.e.,  the 

larger  the  magnitude  of  negative  resistance  the  better,  in  the 

determination  of  overall  quality.  Thus  a better  measure  of  the  actual 

quality  or  usefulness  of  the  negative-resistance  mode  detector  would  be 

the  negative  of  the  ideality,  -y  /y  » akin  to  the  Q of  a negative- 

m mo 

resistance  device.  With  this  in  mind,  the  lower  values  of  ideality  in 
Fig.  4.3  indicate  the  better  detectors. 


STRUCTURE  IN  NEGATIVE-RESISTANCE  REGIONS 
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Beyond  the  frequency  region  of  negative  resistance  the 

small-signal  resistance  of  the  diffusion-drift  region  R_  for  four  of 

the  dc  maximum  power  structures  behave  as  shewn  in  Fig.  k.k.  In 

general,  the  magnitude  of  Rg  fails  with  decreasing  dc  bias  current  and 

therefore  the  effective  cutoff  frequency  of  a passive  node  detector 

using  these  devices  would  rise.  To  compare  these  structures  as  passive 

mode  detectors  on  an  even  basis,  a common  dc  current  density  of  50  A/cm2 

has  been  chosen.  On  the  whole,  Rg  falls  with  frequency  for  each 

structure.  The  physical  reasons  for  this  decrease  are  twofold: 

First,  and  most  important,  for  frequencies  many  times  higher  than  the 

frequency  of  maximum  negative  resistance  the  induced  terminal  current 

due  to  the  flowing  minority  carriers  within  the  diffusion-drift  region 

appears  almost  as  a constant  current  to  the  rapidly  changing  terminal 

voltage.  The  real  power  dissipated  in  the  diffusion-drift  region,  the 

average  of  the  product  of  these  two  quantities,  therefore  falls  with 

increasing  frequency.  Second,  the  diffusion-drift  region  is  shunted 

by  a displacement  current  capacitance.  Once  the  value  of  Rg  falls  to 

a value  below  that  of  the  fixed  series  resistance  of  the  substrate 

contact,  R , its  effect  on  f is  diminished  and  the  effective  cutoff 
s ce 

frequency  becomes  nearly  frequency  independent . A plot  of  the  effective 

cutoff  frequency  for  dc  maximum  power  structure  No.  2 as  a function  of 

frequency  and  bias  current  density  is  given  in  Fig.  U.5  for  an 

assumed  R_  of  10“5  fl-cm2 . The  transit-time  effects  on  Rg,  and  thus 

f , are  clearly  seen  for  the  higher  levels  of  dc  bias.  For  all  bias 

levels  the  magnitude  of  Rg  eventually  falls  mcnotonically  with 

frequency  and  its  effect  on  f is  reduced. 

ce 


i 


MAXIMUM  POWER  STRUCTURES.  (j  = 50  A/cm2) 


EFFECTIVE  CUTOFF  FREQUENCIES  AS  A FUNCTION 
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Measured  maximum  detected  voltage  sensitivities  for  a p+np+  Si 
diode  with  a base  region  doping  density  of  h x 1015  cm-3,  a base  width 
of  approximately  3 um,  and  a one-dimensional  junction  area  of 
2 x 10" 5 cm2  are  shown  in  Fig.  U.6.  The  K-band  measurements  were 
made  with  the  packaged  diode  placed  in  a WR-12  waveguide  cavity  with 
a resonant  cap  structure49  such  that  with  the  addition  of  an  E-H  tuner 
the  diode  was  capable  of  oscillation  at  21  GHz.  The  Ka-band  measurements 
were  made  with  the  same  packaged  diode  placed  in  a similar  WR-28  wave- 
guide cavity  with  a resonant  cap  structure  such  that  second-harmonic 
power  could  be  extracted,  at  36  GHz.  Second-harmonic  operation  is 
discussed  in  Chapter  VI.  Also  shown  in  Fig.  U.6  are  theoretical 
sensitivities  for  the  sane  diode  structure  with  the  transformed 
generator  impedance  as  a parameter.  As  predicted,  the  sensitivity 
within  the  negative-resistance  region  could  be  made  arbitrarily  high 
depending  upon  how  close  the  equivalent  generator  impedance  could  be 
tuned  to  the  total  diode  negative  resistance.  Since  the  resonant  cap 
structure  is  a fairly  high  Q as  well  as  a multiply  resonant  circuit, 
the  E-H  tuner  was  not  maximally  effective  at  each  frequency  in 
coupling  generator  power  to  the  diode.  To  show  the  relatively 
narrow-band  response  of  the  detector  circuit  while  the  diode  was  in 
its  negative-resistance  region,  a 100-MHz  wide  swept  measurement  was 
made  around  a center  frequency  of  20.5  GHz  for  a tuning  that  gave  a 
midband  response  of  y * 1.9  x 10s  mV/mW.  As  can  be  seen  in  Fig.  k. 7 
the  3-dB  bandwidth  was  only  about  10  MHz.  Tuning  for  less  midband 
gain  gave  a wider  response  curve , while  tuning  for  a higher  midband 
gain  produced  a narrower  curve;  a typical  gain-bandwidth  tradeoff. 

The  HEP  of  the  detector  was  also  measured  when  the  signal  frequency 


DETECTED  VOLTAGE,  mV 


20.45  20.50  20.55 

FREQUENCY,  GHz 


FIG.  U.7  SWEPT  FREQUENCY  DETECTOR  RESPONSE  IN 
NEGATIVE-RESISTANCE  FREQUENCY  REGION. 
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was  in  the  negative-resisxar.ee  region  of  the  diode.  Similar  to  the 

detected  voltage  sensitivity  measurements,  seemingly  arbitrarily  low 

values  of  NE?  could  be  measured  depending  upon  one's  willingness  to 

accept  narrower  and  narrower  frequency  response  with  increasing 

sensitivity.  Typically,  stable  HE?  values  of  -99  d3m  at  a video 

frequency  of  1 kHz  could  be  obtained  at  20.5  GHz.  Still  lower 

values,  -109  dBm  and  below,  could  be  obtained  as  well  but  could  not 

be  maintained  due  to  bias,  tuning,  and  generator  instabilities. 

The  two  measured  points  near  35  GHz  in  Fig.  1.6  demonstrate 

experimentally  that  a 3ARITT  diode  can  function  as  a sensitive 

microwave  detector  at  frequencies  higher  than  those  within  the  region 

of  diode  negative  resistance.  This  ability  is  further  demonstrated  by 

the  results  shown  in  Fig.  1.8.  Here  the  measured  and  theoretical 

results  for  y at  27.11  GHz  and  R are  shown  for  a tacka/zei  X-band 

v - 

diode  (similar  to  the  one  described  in  Fig.  1.9)  mounted  in  the  WR-28 

waveguide  cavity  mentioned  previously  (different  resonator  cap  diameter). 

The  theoretical  predictions  for  y assume  a series  resistance  of 

m 

10"  5 Q-cm2,  10  um  of  10"  2 G-cm  substrate;  no  attempt  was  made  to 
estimate  the  device  contact  resistance.  The  transforming  circuit 
efficiency  was  estimated  by  cavity  Q measurements  using  a shorted 
diode  package  to  be  approximately  lo  percent  at  a diode  bias  current 
of  100  uA.  The  measurement  procedure  was  as  follows:  The  one-port 
cavity  parameter  input  coupling  coefficient,  8.,  and  intrinsic  Q,  Q , 
of  the  cavity-diode  mount  with  the  shorted  diode  package  in  place  were 
measured  at  the  closest  cavity  resonant  frequency  that  was  higher  than 
the  resonant  frequency  of  the  cavity  mount  with  the  diode  in  place 
(less  energy  storage  implies  a higher  resonant  frequency).  The  loaded 
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FIG.  U.8  THEORETICAL  AND  EXPERIMENTAL  RESULTS  FOR  VIDEO 


DETECTION  AT  27.44  GHz  WITH  X-BAND  DIODE. 


mV/mW 


AREA  = 1 .7  x lO-*4  cm 


, of  the  two-port  cavity  mount  with  the  diode  in  place  was 
■L 

measured  by  the  transmission  method33  using  the  diode  itself  as  the 

detector  of  transmitted  power.  Since  the  change  in  resonant  frequency 

between  the  two  cases  was  small,  5 percent,  it  is  a fairly  good 

assumption  that  Q and  3 did  not  change  appreciably  between  the  two 

cases.  Thus  from  ^ = Q^/(l  + 3,  t 3,)  an  estimate  for  the  diode 

coupling  coefficient,  3? , can  be  obtained  and  che  resonant  transmission 

efficiency30  T(oj  ) = -8.8,/(l  + 3,  + 3-)2  can  be  calculated.  The  poor 

coupling  efficiency  partially  accounts  for  the  discrepancy  between  the 

measured  y and  the  theoretical  y of  Fig.  U.S;  the  remaining  gan 

m 

between  theory  and  experiment  is  thought  to  be  due  to  the  contact 
resistance  at  the  emitter. 

Discussion 

It  has  been  shown  both  experimentally  and  theoretically  that  the 
3ARITT  diode  can  function  as  a useful  detector  of  microwave  power.  In 
the  negative-resistance  mode  the  diode  is  capable  of  simultaneous 
amplification  and  detection,  resulting  in  an  extremely  sensitive  though 
narrow-band  detector.  However,  the  greatest  potential  of  the  diode 
lies  in  its  passive  mode  of  operation  at  millimeter  wavelengths.  For 
this  mode  the  real  part  of  the  diffusion-drift  region  impedance  is 
effectively  averaged  out  at  high  frequencies  and  power  can  be  efficiently 
transferred  to  the  rectifying  forward-biased  junction.  Theoretical 
cutoff  frequencies  exceeding  1000  GHz  are  predicted  for  Si  one- 
dimensional  p up  structures . 

One  obvious  and  simple  improvement  that  could  be  made  for 
detectors  that  are  specifically  intended  for  the  passive  mode  of 


substrate  loss  resistance  R . The  substrate  could  in  principle  be 

3 

eliminated  entirely  by  using  an  MSM  structure,  back-to-back  Schcttky 
barriers;  although  the  control  needed  for  the  processing  of  the 
resulting  wafers,  1 to  5 um  thick,  may  prove  difficult.  These 
improvement s aside,  a nagging  question  remains,  "What  is  the  validity 
of  using  predictions  from  a theory  that  considers  only  one-dimensional 
structures  at  millimeter  wavelengths  where  circuit  impedance  level 
requirements  would  force  device  junction  diameters  to  be  comparable  to 
the  depleted  base  region  thicknesses?"  An  accurate  answer  to  this 
question  awaits  a complete  two-dimensional  analysis,  but  a reassuring 
counterquestion  is  this,  "Why  not  make  the  devices  two-dimensional  in 
the  first  place?"  Since  we  desire  the  real  part  of  the  impedance  of 
the  diffusion— drift  region  to  be  small  for  efficient  passive  mode 
operation,  construction  of  a large  area  reverse-biased  region  can  only 
help  detector  sensitivity.  A proposed  twc—dimensional  structure  for 
passive  mode  BARITT  diode  detectors  is  shown  in  Fig.  k.10.  This  is 
the  BARITT  diode  version  of  the  "honeycomb"  structure  originally 
proposed  for  millimeter-wave  Schottky -barrier  detector  and  mixer 
dicaes  by  Young  and  Irvin.51  For  this  device  the  effective  collector 
diameter  d^  will  be  larger  than  the  actual  diameter  of  the  emitting 
junction  due  to  the  two-dimensional  spreading  of  the  current  in 
the  reverse-biased  region.  Further  current  spreading  will  occur  in 
the  collector  substrate  region;  resulting  in  the  series  resistance  of 
the  substrate  being  solely  determined  by  the  spreading  resistance  for 


values  of  effective  collector  diameters  less  than 


the  substrate 


:hicknes3 . That  is. 


sp  2d,  ’ 

where  R is  the  spreading  resistance52  and  p is  the  substrate 
sp 

resistivity.  Our  previous  calculation  of  R„,  for  a given  device 


junction  area,  was 


s tt(  d_,/2)  ■ 

JL 


i 

sp 


Thus,  when  becomes  less  than  w^  due  to  circuit  impedance  level 
constraints  the  previous  estimate  of  R^  becomes  exceedingly 
pessimistic  if  the  device  is  two  dimensional. 

Based  on  the  assumption  of  a two-dimensional  passive  mode 
detector,  effective  cutoff  frequencies  of  greater  than  10,000  GH 


are  envisioned  for  p np  Si  3AEITT  diodes.  Cutoff  frequencies  i 


this  range  would  exceed  the  highest  reported  zero-bias  cutoff 
frequencies  fcr  GaAs  Schottky-barrier  devices  known  to  the  autho 


CHAPTER  V.  OPTICAL  DETECTION  WITH  PUNCH-THROUGH 


SEMICONDUCTOR  DEVICES 


5 . 1 Introduction 

The  open-base  phototransistor  has  been  in  existence  for  some 
time  and  its  operating  characteristics  are  veil  understood. 5- 
Hovever,  operation  of  a phototransistor  in  the  punch-through  node, 
essentially  resulting  in  a BARITT  diode  structure,  does  not  appear  tc 
have  been  previously  considered.  As  the  BARITT  diode  has  a frequency 
region  of  negative  resistance  due  to  the  transit-tine  delay  of  injected 
carriers,  so  too  does  the  punch-through  open-base  phototransistor; 
thus,  optically  generated  microwave  currents  can  be  amplified  by 
choosing  the  proper  lead  and  placing  the  device  in  a resonant  circuit. 
It  is  worth  noting  that  a similar  scheme  of  optical  generation,  low- 
frequency  quantum  gain  and  microwave  negative-resistance  amplification, 
could  be  implemented  using  an  IMPATT  diode  but  the  comparatively  lower 
noise  properties  of  the  BARITT  diode  suggest  that  it  may  be  the 
superior  detector. 

A first-order  theoretical  model  for  the  punch-through  photo- 
transistor is  presented  in  this  chapter.  The  highly  simplified  model 
for  the  punch-through  transistor  discussed  in  Section  3.3  and  a single 
collector-base  region  optical  current  generator  are  used  to  describe 
the  structure,  and  the  results  for  one  specific  structure  are  presented 
in  detail. 

A suggested  name  for  the  open-base,  transit-time,  punch-through 
phototransistor  i3  the  "photo-3ARITT . " 
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5.2  Optically  Generated  Currents  and  Transit-Tine  Effects 


Carrier  pair  generation  by  optical  absorption  can  be  math- 
ematically stated  by  the  conservation  of  photons  equation. 


= G 


ab  e 
o 


-ax  carriers 


cn-^-s 


vhere  G and  G are  the  electron  and  hole  density  generation  rates, 
n :: 


a is  the  optical  absorption  coefficient  and  bQ  is  the  magnitude  o i 


the  photon  density  incidence  rate  at  x = 0 . If  the  optical  generation 
takes  place  in  a depleted  region  vhere,  for  sinpiicity,  the  carriers 


are  assumed  to  drift  at  their  saturated  velocity  v , then  the  following 


first-order  nonlinear  ordinary  differential  equations  can  be  derived 
for  the  phasor  electron  and  hole  concentrations* 

-ab 


d , u_ 


dx 


n = 


o -ax 


(5.1) 


and 


d . to 

■=—  + i — 

dx  ° v 


ab 


t>  = 


o -ax 
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(5.2) 


vhere  at  is  the  modulation  angular  frequency  of  the  incident  light. 
These  equations  differ  only  in  the  sign  of  the  drift  velocity,  i.e., 
the  direction  of  drift,  so  a solution  for  one  can  be  derived  from  the 


solution  for  the  other  by  a simple  sign  change  of  v . The  solution  for 

S 


either  Sq.  5.1  or  5-2  is  obtained  by  variation  of  parameters  and  can 
be  expressed  as 


* We  assume  carrier  pair  generation  throughout  the  depleted  region 
rather  than  simple  edge  generation  as  assumed  by  Gartner.50 
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m(x)  = n( 


+d(u/vg)x 


— i ^ 

v a + i — 
5 V 


y a + J — 
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where  m represents  n or  p ana  the  upper  sign  is  for  the  hole  solution 
The  depletion  layer  is  assumed  to  extend  from  x = 0 to  x = w^  so  the 
boundary  conditions  for  optically  generated  electrons  and  holes  which 
determine  the  constant  in  Sq.  5-3  are 


n(w  ) = 0 

c 


p(0)  = 0 


The  solutions  for  electron  and  hole  concentrations  can  now  be 
substituted  into  the  expressions  for  electron  and  hole  saturated 
drift  currents  and  spatially  averaged  over  the  depleted  region  to 
determine  the  induced  terminal  currents  due  to  optical  generation. 
The  results  are: 


a + j ( w/v 
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|7g(w)  - S(a)J  , (5-5) 
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The  tern  S(a)  is  the  low-frequency  collection,  efficiency,  1 - e 

normalized  to  the  optical  absorption  length  of  the  depletion  region, 

aw  , and  the  complex  transit-time  factor,  F (w),  is  the  same  factor 
c s 

used  in  the  simplified  analysis  of  the  collector-base  space-charge 
layer  in  a transistor,  Zq.  3.37.  Plots  of  the  magnitude  of  the 
total  optical  terminal  current  density  for  diode  area  A, 


I = (J  + J )A  , 
v nv  dv 


normalized  to  the  incident  available  photogeneration  current, 
q$o A,  for  several  values  of  depletion-layer  width,  0.7  un  wavelength 
light  and  a = 2 x 103  cm-1  (Reference  57),  are  given  in  Pig.  5.1  as 
a function  of  the  optical  modulation  frequency.  The  transit-time 
rolloff  effects  are  clearly  evident. 


Ill  Punch-Through  Phototransistors — Photo-3 ARITTs 

If  the  optical  generation  depletion  region  of  the  last  section 
is  identified  as  the  collector-base  space-charge  region  of  a punch- 
through  transistor  (PTT),  then  the  resulting  structure  can  be  termed 
a punch-through  phototransistor . For  a first-order  analysis,  it  is 
assumed  that  the  optical,  generation  is  solely  confined  tc  this  same 
depletion  layer.  The  relative  widths  of  the  collector-base  and 
emitter-base  depletion  layers  in  a normal  PTT  structure  and  the  short 


mean  time  to  recombination  in  the  highly  doped  emitter  and  collector 
undepleted  bulk  regions  Justify  this  assumption.  Thus,  we  combine  an 


I„/q*0A 


optical  current  generator  and  a ?TT  and  arrive  at  the  small-signal  model 
shown  in  Fig.  5.2,  where  the  symbols,  except  the  optical  current 
generator,  all  have  the  same  meanings  as  introduced  in  Chapter  III. 

In  the  absence  of  light  = 0;  therefore,  there  are  few  mobile 
electrons  in  a two-terminal  p+np+  structure  within  the  metallurgical 
base  region  except  for  those  produced  by  the  relatively  small  and 
constant  leakage  and  generation  process.  It  follows  that  for  small- 
signal  ac  currents  the  two-terminal  structure  can  be  considered  a single 
carrier  device.  This  is  the  standard  case  for  BARITT  diode  operation. 

When  light  is  present , photogenerated  electrons  are  swept  to 
the  transition  point  between  the  forward-  and  reverse-biased  emitter- 
base  and  collector-base  depletion  regions.  The  presence  of  electrons, 
i.e.,  space  charge,  lowers  the  emitter-base  barrier  and  allows  many 
more  holes  from  the  emitter  to  be  injected  into  the  base  where  they, 
along  with  the  optically  generated  holes,  are  swept  to  the  collector. 

Since  6 is  the  ratio  of  the  dc  emitter  electron  current  to  the  dc 
emitter  hole  current , it  is  normally  quite  small  and  thus  the  low- 
frequency  quantum  gain  (1  + <5)/<5  is  quite  high.  In  the  absence  of  an 
external  base  lead  the  only  means  available  to  increase  <5  is  to 
increase  the  leakage  or  generation  current  or  to  optically  dc  bias 
the  device  with  a constant  light  source. 

The  small-3ignal  impedance  2^  of  the  punch-through  photo-transistor 
for  a one-dimensional  two-terminal  structure  is  identical  with  the 
small-signal  impedance  of  the  3ARITT  diode  and  can  be  derived  using 
the  fact  that  the  total  current  through  the  device  is  independent  of 
position  and  the  fact  that  the  conduction  current  within  the  collector- 
base  depletion  layer  is  a space-charge  wave  traveling  at  the  saturated 


drift  velocity.  The  procedure  parallels  the  derivation  of  the  small- 
signal  impedance  of  a Read-type  IMP ATT  diode3'  and  was  given  in 
detail  in  Chapter  III.  The  resulting  expression  for  Z^  is 


, 1 - Mrs(u) 

Zd  " gg  + jo)Ce  + ju)Cc 


(5.6) 


where  M is  the  ratio  of  the  hole  conduction  current  to  the  total, 
current  in  the  forward-biased  emitter -base  diode: 


M = 


jOjC 


The  equivalent  circuit  of  Fig.  5.2,  except  for  the  light  generation 
current  I and  the  emitter-base  diode  conductance  perturbation  5, 
follows  from  Eq.  5*6.  A plot  of  the  real  (R)  and  imaginary  (X)  parts 
of  Z is  given  in  Fig.  5-5  for  a 5-um  wide  collector-case  depletion 
layer  and  bias  conditions  of  J = 100  A/ cm2  and  C /C  = 0.05.  The 

O C 6 

device  input  resistance  reaches  its  maximum  negative  value, 

-0.8  x 10  f 1-cm2 , at  a frequency  close  to  17  GHz.  Thus,  to  produce 
a reflection-type  amplifier  at  this  frequency,  an  inductive  reactance 
of  5 x 10~3  1-cm2  and  a resistive  load  greater  than  0.8  x 10-4  1-cm2 
are  used  as  a series  load  for  the  phototransistor.  The  normalized 
magnitude  of  the  load  current  i„  in  Fig.  5.2,  where 

- [gjl  + S)  + juCj  Iv 
L [sge  + [1  - r(u)]ge  - «2cecGzL 


+ Ju>{C  + [1  + g (1  + <5)2.  ] C >1 
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for  “his  particular  dicde , is  plotted  in  Fig.  5 . U as  a function  of 
frequency  vith  5 as  a parameter.  The  insert  in  Fig.  5 • U shows  an 
expanded  scale  for  the  negative-resistance  region  of  the  device  and 
is  a typical  response  curve  for  a singly  tuned  negative-resistance 
reflection-type  amplifier. 


5 .u  Conclusions 

The  results  shown  in  Fig.  5 • ^ indicate  that  the  microwave  gain 
of  a negative-resistance  photo -BAR ITT  is  relatively  independent  of 
the  low-frequency  quantum  gain  (l  + o)/<5,  but  that  comparable  gain 
magnitudes  can  be  attained  by  a proper  choice  of  RT . Since  the 
reflection  amplifier  can  be  broadhanded  by  the  use  of  filter-type  loads 
3-d3  bandwidths  approaching  or  even  exceeding  1 GHz  can  be  envisioned. 
In  actual  devices  the  carriers  do  not  drift  at  the  scattering-limited 
saturation  velocity  throughout  the  entire  collector-base  depletion 
layer.  The  principal  consequence  of  nonsaturated  drift,  as  shown  in 
Chapter  III,  is  an  increase  in  the  effective  electrical  length  of  the 
drift  region  and  therefore  a lowering  of  the  frequency  range  of  the 
device  small-signal  negative  resistance.  This  in  no  way  alters  the 
concept  of  negative-resistance  amplification  of  optically  generated 
signals  but  merely  frequency  translates  its  application. 

In  summary,  a punch-through  phototransistor  structure  has  been 
proposed  as  a high-speed  quantum-gain  optical  detector.  Simple 
expressions  have  been  derived  which  predict  small-signal  operation  and 
specifically  show  negative-resistance,  reflection-type  amplification 
ability  near  the  transit-time  frequency. 


IHAPTER  VI.  LARGE-SIGNAL  ANALYSIS  OF  3ARITT  DIODES 


6.1  Introduction 

Several  authors  have  presented  sophisticated,  single- 

1 2 3 5 8 5 Q 

carrier,  large-signal,  numerical  studies'*  ’ ’ of  the  SARITT 

diode.  In  each  case  the  resulting  computer  program  was  of  such 
complexity  that,  due  to  economic  constraints,  relatively  few  struc- 
tures could  be  studied  to  any  degree  of  detail.  It  is  the  purpose 
of  this  chapter  to  present  a simple,  clcsed-form,  large-signal 
solution  for  the  3ARITT  diode  which,  even  though  contrived  in  a 
sense,  preserves  the  basic  physics  of  the  device  and  economically 
predicts,  with  sufficient  accuracy,  the  large-signal  properties  of 
a full  range  of  diode  structures.  It  is  not  the  purpose  of  this 
solution  to  function  as  a means  to  study  in  detail  the  properties 
and  potential  of  these  devices,  but  rather  to  show,  by  comparison 
with  experiments  and  other  theories,  that  it  is  of  sufficient  detail 
to  be  confidently  applied  to  the  frequency  conversion  studies  of 
Chapter  VII.  The  large-signal  solution  can  be  expressed  in  an  equiv- 
alent circuit  model  form  which  follows  from  the  small-signal  inves- 
tigations of  Chapter  III  and  in  essence,  with  one  very  important 
exception,  is  a SARITT  diode  version  of  the  large-signal  IMPATT  diode 
model  presented  by  Mouthaan.50 

Single- frequency  operation  is  first  discussed.  'The  model 
results  are  compared  with  experiment  and  another  more  complex  theory, 
and  the  large-signal  resistance  and  power  capabilities  of  the  maximum 
dc  power  structures  of  Table  3.1  are  presented.  A multi frequency 
study  follows.  A further  Justification  of  the  method  used  in  the 


-13C- 


-131- 


derivation  of  the  single- frequency  model  is  presented  using  a more 
correct  two- frequency  representation,  and  the  possibility  of  second- 
harmonic  power  extraction  is  considered. 

6 . 2 Single-Frequency  Large-Signal  Model 

6.2.1  Theory.  It  was  shown  in  the  dc  study  of  Chapter  II  and 
in  the  derivation  of  the  small-signal  3ARITT  diode  model  of  Chapter  III 
that  for  moderate  levels  of  dc  current  density  the  injection  of 
minority  carriers  and  minority-carrier  current  into  the  base  region 
of  the  punch-through  diode  is  almost  purely  exponential  in  nature  and 
depends  only  upon  the  value  of  the  potential  barrier  presented  to  the 
emitting  contact.  That  is,  c.f.,  Eq.  2.23, 

J(0)  « exp(V_/V  ) , 

r 1 

where  x = 0 is  the  transition  point  between  the  reverse-  and  forward- 

biased  regions  of  the  diode  and  V_  is  the  aDClied  ocrticn  of  the  total 

voltage  across  the  forward-biased  portion  of  the  diode.  If  V is 

r 

periodic  with  a fundamental  angular  frequency  oj,  then  the  current 
density  J(0)  is  also  and  can  be  expressed  in  the  form  of  a complex 
Fourier  series  as* 

J(0)  = J + ? — eJmwt  m * 0 , (6.1) 

0 2 

where  J = J*  , as  J(0)  must  be  a real  quantity.  Since  the  mth 
m -m 

component  of  J(0)  is  2 Re  [(J-  /2)e'jD“"fc],  the  quantity  u is  the  phasor 

m zl 

representation  of  J (0). 

HI 


In  this  chapter  ail  complex  quantities,  except  impedance  and 
admittance  terms,  are  denoted  by  all.  terms  without 

are  real. 


To  account 


tior.  of  the  ar.alvt ic  large-signal  model  of  this  chatter . 1 

for  it  would  deprive  the  model  of  its  simplicity,  particularly  in  the 
representation  of  the  forward-biased  region,  and  to  estimate  it  would 
require  a detailed  knowledge  of  space-charge  layer  behavior  under 
forward  bias . This  problem  did  not  arise  in  the  small-signal  study 
since  the  variation  is  a second-order  correction  and  is  lost  in  the 
linearization  of  the  small-signal  equations.  However,  under  large- 
signal  drive  the  variation  results  in  yet  another  nonlinearity  if  the 
strict  separation  between  the  two  regions  is  maintained.  The  approach 
taken  here  is  to  simply  ignore  the  problem  and  await  the  results  for 
justification. 

For  the  purposes  of  this  study  an  "average"  forward-biased 
region  width  is  defined  as  the  distance  given  by  the  depletion 
approximation.  That  is, 


Pto/a*d  * 


where  V is  the  total  dc  voltage  across  the  forward-biased  region 


r to 


(V_.  can  be  solved  for  once  the  level  of  HF  drive  and  dc  current 
rto 


density  have  been  determined).  With  the  width  of  the  forward-biased 
region  taken  as  a constant  with  respect  to  time,  a forward-biased 


region  space-charge  caoacitance  C_  can  be  defined  as  was  done  in  the 

r 


small-signal  model  and  the  impedance  of  the  forward-biased  region  at 
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mu  can  be  expressed  as 


^Fm 


[(J  /V_) 
m Fm 


>c,] 


-1 


(6.2) 


where  V is  the  phasor  voltage  across  the  region  at  aw. 

Fm 

The  reverse-biased  region  of  the  diode,  as  in  the  small-signal 
model,  is  divided  into  subregions.  However,  the  number  of  subregions 
is  restricted  to  two  and  the  corresponding  methods  of  current  transpor 
in  each  are  assumed  to  be  the  limiting  cases  of  pure  diffusion  (no 
drift)  and  saturated  drift  (little  diffusion),  respectively.  These  two 
limiting  cases  of  current  transport  and  their  assignment  to  two 
separate  regions  represent  the  contrived  nature  of  the  model.  Since 
in  reality  there  is  a continuous  transition  from  the  first  method  of 
current  transport  to  the  second  in  an  actual  diode  drift-diffusion 
region,  any  absolute  splitting  of  the  regions  of  their  occurrence 
must  be  construed  as  artificial.  Nevertheless  computational  expe- 
rience has  yielded  a suitable  compromise  for  such  a division  of  the 
reverse-biased  region.  To  obtain  the  necessary  phase  retardation 
attributable  to  a region  of  pure  diffusion,  its  length  has  been  chosen 
to  be  equal  to  one  third  of  the  low-field  region,  i.e.,  the  region 

in  which  the  dc  electric  field  is  less  than  the  saturation  value  E . 

s 

To  discount  the  resulting  overestimate  of  diffusion  attenuation,  the 
real  part  of  the  diffusion  region  propagation  coefficient  has  also 
been  reduced  by  a factor  of  three.  The  criterion  used  to  select 
these  reduction  factors  was  the  closeness  of  match  between  the 
impedance- frequency  results  of  the  previously  presented  small-signal 
model  and  the  present  large-signal  model  when  the  large-signal  equa- 
tions were  evaluated  with  small-signal  drive.  The  method  of  analysis 
for  the  reverse-biased  region  follows  closely  that  of  the  small-signal 
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model  so  in  lieu  of  a detailed  presentation  the  necessary  equations 
are  given  in  Table  6.1.  Familiarity  with  the  small-signal  model  will 
facilitate  the  translation  of  these  equations  to  the  complete  single- 
frequency large-signal  models  shown  in  Fig.  6.1. 

The  Fourier  coefficients  of  the  injected  minority-carrier 
current  J(0)  are  now  developed.  Since  Vj,  is  also  periodic  we  have 


\ = V + l t , a * 0 

m=-» 


(6.3) 


and  by  definition  we  have 


Jm  = 27 


V /V 

F T -jmwt  ./  . . 
e e d(mt) 
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Normally,  in  the  large-signal  analysis  of  diode  structures,  the  magni- 
tude of  the  F.F  voltage  across  the  entire  diode  is  specified  (voltage 
drive).  Here  we  follow  Mouthaan’s  method60  and  specify  only  the 
voltage  across  the  injection  region.  We  then  solve  for  the  voltage 
across  the  entire  diode.  In  principle  the  two  methods  can  be  identi- 
cal. Practically,  however,  at  least  for  the  frequency  domain  analysis 
presented  here,  there  is  an  enormous  difference  between  the  two.  We 
specify  only  a limited  number  of  values  for  the  harmonic  content  of 


V_  and  assume  the  remaining  values  to  be  negligible.  Obviously  this 
r 

is  another  simplifying  assumption  and  it  deserves  some  comment. 


The  3ARITT  diode  is  an  inherently  high  Q structure.  That  is, 
it  appears  more  reactive  than  resistive  at  frequencies  within  and 


beyond  the  negative-resistance  region.  This  is  evidenced  by  the 
negative-resistance  region  small-signal  Q's  of  the  first  four  dc 
maximum  power  structures  of  Table  3.1  which  are  shown  as  a function 


of  frequency  in  Fig.  6.2.  In  no  case  does  the  magnitude  of  the 


Table  6.1 


Large-Signal  Squab  ions  for  Uni formally 
Doped  3ARITT  Diode  Diffusion-Drift  Region 


Region  Definitions 


Forward  Biased  - w = x = 0 

e 


Diffusion 


° = x * wD  , wD  = vs/3 


w = {eS  /q[N  + (KJ  /2qv  ) ] } 


K = 1.15  :c  iO10/(N,)0*57  (see  Fi 

d. 


Saturated  Drift  v_  * x = w 
D c 


lapedance  of  Diffusion  Region. 


J (x)  = J(0)e 

P P 


"V 


particle  current  phascr 
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Table  6.1  (cont.) 

Impedance  of  Saturated  Drift  'Region.  Z 


-Y  (x  - v_) 

y*>  - y v e 


; = vg  - (vj  + jiwDs)1/2 

3 2D 
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smali-signal  «,  fall  below  a value  of  ten.  Since  the  magnitudes  of 
the  values  of  large-signal  Q's  exceed  their  small-signal  counterparts 
it  is  clear  that,  for  all  levels  of  drive,  the  diode  is  predominantly 
an  energy  storage  device.  As  shown  experimentally  by  Snapp  and 
Weissglas ; 10  theoretically  by  the  reactance  values  which  lead  to 
Fig.  6.2;  and  intuitively  by  consideration  of  the  parallel-plate 
nature  of  the  depleted  sandwich-like  structure  of  the  3ARITT  diode, 
the  principle  energy  storage  medium  of  the  device  is  the  parallel- 
plate  "cold"  capacitance  of  the  depleted  base  region.  That  being  the 
case,  at  any  frequency  within  or  above  the  region  of  negative 
resistance  it  must  be  true  that 


(6.5) 


Hr  F 


where  C.  is  the  total  diode  "cold"  capacitance  and  V is  the  voltage 
across  the  entire  diode.  The  restriction  of  Eq.  6.5  obviously 
neglects  all  space-charge  effects  and  its  approximate  nature  will 
remain  in  effect  as  long  as  there  is  any  particle  current  flow  what- 
soever, We  will  return  to  the  consequences  of  this  fact  in  Section 
6.2.1  when  the  existence  of  a second-harmonic  component  in  is 

considered  with  the  help  of  a two-frequency  model.  Accepting  Eq.  6.5 
for  now  and  assuming  circuit  constraints  limit  the  RF  voltage  across 
the  entire  diode  to  a single  RF  component,  that  of  the  fundamental, 
we  can  to  the  first  order  neglect  the  harmonic  content  of  the 
voltage  across  the  forward-biased  region;  that  is, 


V, 


VFq  + Re 


LVF1  e 
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If  the  phase  of  V_.  is  chosen  as  the  phasor  reference,  then  it  can  be 
r X 
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shown  by  using  Eq.  6.4  that  the  phasor  terms  are  al  1 real  and  are 
given  by60 

21 

m 

Jm  ^m 

I 

o 

where  I is  the  modified  3essel  Function  of  the  first  hind  of  order  m 
m 

and  JQ  is  the  dc  current  density.  A graph  of  the  saturation  charac- 
teristics of  J,/J  vs.  V„„ /V_  is  given  in  Fig.  6.3.  The  aoproximation 
1 o r i i 

of  Sq.  6.7  will  be  used  in  all  the  single- frequency  studies  of  this 
work . 

6.2.2  Single-Frequency  Results . X-band  p+np  Si  devices 
measured  by  Kwok,1  Nguyen-3a,2  and  Kwok  etal.61  (1.7  x 10 15  cm-3  = 

= 2.5  x 1015  cm-3,  5.0  urn  = base  width  = 6.2  urn,  junction  area  = 

2 x 10-l+  cm2,  I.  . = 4o  mA)  produced  a maximum  power  of  annroximately 

25  mw  and  a maximum  efficiency  of  approximately  1.7  percent  in  a 
waveguide  mount  at  frequencies  near  9-5  GHz.  'The  single- frequency 
theoretical  results  for  a similar  device  at  a bias  current  of  40  mA 
are  shown  in  Fig.  6.4.  The  performance  agreement  between  theory 
and  experiment  is  quite  satisfactory  but  the  model  predicts  a slightly 
higher  optimum  frequency  of  operation.  Two  factors  are  possible 
contributors  to  this  discrepancy:  (1)  the  waveguide  cavity  used  in 
the  experiment  was  designed  for  operation  below  10  GHz  and  (2)  the 
model  does  not  account  for  self-heating  effects.  Overall,  the  model 
is  thought  to  produce  a useful  description  of  RF  performance. 

Comparison  of  the  theoretical  predictions  and  measured  results 
of  Snapp  and  vfeissglas 's10  diode  B are  given  in  Figs.  6.5  and  6.6. 
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The  large-signal  rectification  and  conductance-compression  effects 
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FIG.  6.6  LARGE-SIGNAL  THEORETICAL  AND  EXPERIMENTAL  VALUES  FOR 

CONDUCTANCE  COMPRESSION  FOR  SNAP?  AND  WEISS GLAS ' S1 0 

DEVICE  3.  (C  ^ = SMALL-SIGNAL  VALUE,  N . = 1.2  x 1015 
o a 

cm'3  AND  BASS  WIDTH  = 7-9  ya) 


are  plo-cnea  as  functions  of  RF  drive  and  dc  current  density.  Again, 
closest  agreement  between  cheery  and  experiment  was  found  when  theoret- 
ical results  at  a higher  frequency  (7.5  GHz  theory,  6.6  GHz  experi- 
ment) were  compared  with  the  published  experimental  data.  A further 
point  of  divergence  is  the  difference  in  the  slopes  between  the 
theoretical  and  experimental  curves  (theoretical  slope  - twice  the 
experimental  slope)  indicating  that  even  though  space-charge  effects 
are  partially  accounted  for  within  the  model,  the  degree  to  which  they 
are  is  evidently  insufficient.  However,  qualitatively  at  least,  the 
agreement  remains  more  than  satisfactory. 

The  final  comparison  to  be  presented  is  between  the  numerical- 
theoretical  study  of  Kwok  and  Haddad1’23  and  the  present  theory. 

Shown  in  Figs.  6.7  and  6.3  are  two  different  sets  of  large-signal 
theoretical  predictions  for  power  density  and  efficiency  for  dc 
maximum  power  structure  Ho.  1 as  a function  of  drive  and  dc  current 
density  at  a frequency  of  10.5  GHz.  The  simple  model  predicts  its 
maximum  output  power  and  efficiency  at  drive  levels  somewhat  lower 
than  those  of  the  numerical  study  and  this  is  consistent  with  the 
experimental  results  of  Snapp  and  Weissglas.  Also,  the  levels  of 
output  power  and  efficiency  predicted  by  the  simple  model  exceed 
those  of  Kwok,  although  not  excessively . Overall,  the  agreement  is 
more  than  adequate  when  consideration  is  given  to  the  level  of 
complexity  inherent  in  each  of  the  models. 

For  completeness,  a compendium  of  theoretical  results  for  the 
seven  dc  maximum  power  structures  of  Table  3.1  is  given  in  Fig.  6.9- 
Plotted  are  the  optimized  maximum  point  values  of  device  large- 
signal  negative  resistance  and  EF 


power  density. 


maximized  with 


EFFICIENCY,  PERCENT 


respect  to  frequency  and  drive.  In  general,  the  maximum  power 
frequency  for  each  device  is  approximately  90  percent  of  the 
frequency  of  maximum  small-signal  negative  resistance,  and  the  RF 
drive  at  maximum  output  power  is  approximately  15  percent  of  the  dc 
bias  voltage.  Also  depicted  in  Fig.  6.9  are  1/f  and  1/f2  trajec- 
tories for  normalized  power  and  large-signal  negative  resistance. 

The  inadequacy  of  the  constant  efficiency  vs.  frequency  assumption 
(Chapter  I)  is  obvious.  A constant  ?f3  product  is  perhaps  a better 
characterization. 

The  results  shown  in  Fig.  6.9  foretell  the  difficulty  of 
obtaining  millimeter-wave  RF  power  from  the  unifcrmally  doped  3ARITT 
diode  structure  in  the  fundamental  mode  of  operation.  Normal 
fabrication  procedures  require  that  approximately  10  urn  of  heavily 
doped  substrate  be  retained  as  either  the  emitter  or  collector  bulk 
region  to  aid  in  device  handling.  For  commercial  p+  Si  substrates 
(10" 3 f.-cn  = resistivity  = 10-2  ft-cm) , this  represents  10-s  to  10"5 
0-cm2  of  series  resistance  that  must  be  overcome  before  RF  power 
can  emanate  from  the  complete  diode  structure,  irrespective  of 
circuit  losses.  Thus,  a gray  area  of  doubtful  capability  exists 
for  P+np+  Si  diodes  beginning  near  GKz.  To  surmount  this 
difficulty,  new  fabrication  procedures  will  have  to  be  devised  which 
eliminate  the  need  for  substrate  foundations;  new  double-layer  doping 
profiles2’62  will  have  to  be  developed  which  generate  higher  values 
of  negative  resistance  or  power  will  have  to  be  harmonically  extracted 
by  circuit  techniques.  This  last  proposal  is  the  subject  of  the 
remainder  of  this  chapter. 


r 
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6 . 3 Multi f r ecuency  Harmonic  Large-Signal  Operation  of  3ARITT  Diodes 
6.3.1  Theory.  If  the  voltage  across  the  entire  diode  is  not 
restricted  to  values  of  a single  frequency  but  rather  is  allowed  to 
contain  harmonic  values  as  well,  then  the  possibility  of  harmonic 
power  extraction  exists.  This  phenomenon  has  been  studied  by  several 
authors60 > 6 3-67  for  the  IMP ATT  diode,  primarily  as  a means  to  improve 
fundamental  output  power  through  reactive  harmonic  terminations . 

This  study,  however,  is  intended  more  for  the  inverse  case;  that  is, 
improved  harmonic  power  output  by  reactively  tuning  the  fundamental. 
For  simplicity,  only  two-frequency  operation  is  considered  but  the 
extension  to  more  complicated  cases  should  be  obvious. 

Allowing  the  voltage  across  the  forward-biased  region  of 
the  diode  to  contain  two  frequency  components,  in  phasor  space 

T>F1  = VF1 


and 


V = V ® 

F2  F2 

we  calculate  the  new  fundamental  and  second-harmonic  phasor  components 
of  J(0),  using  Eq.  6.U,  and  obtain 
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artificially  split  J l and  J2  into  independent  single- frequency 
and  transadnittance  cross-frequency  terns,  similar  to  the 
•equency  circuit  work  of  3rackett ; 65 » 67  that  is, 
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then  the  two-frequency  large-signal  equivalent  circuit  of  Fig.  6.10 

results.  The  trans admittance  terms  y^  and  y21  are  nonlinear 

functions  of  w , , V^,  and  the  dc  bias,  while  the  independent 

in-phase  conductance  terns  and  G are  functions  only  of  the 

r X r d 

drive  level  at  their  respective  frequencies  and  the  dc  bias . 

6.3.2  Two-Frecuer.cy  Results . For  exact  results  the  two 
circuits  of  Fig.  6.10  must  be  solved  simultaneously  in  conjunction 


with  the  external  circui 


loads  since  the  two  are  coupled  through  the 
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■crar.sad3iit~an.ee  terns.  Such,  a procedure  would  prove  very  difficult 
as  the  active  circuit  elements  are  nonlinear  functions  of  the  forward- 
biased  region  driving  voltages,  and  a complete  solution  would  require 
a multivariable  trial-and-error-type  solution  format.  As  an  alterna- 
tive, we  choose  to  simply  specify  the  two-drive  components  and  their 
relative  phase  difference  and  to  inspect  the  final  results  for 
evidence  of  physical  realizability,  i.e.,  for  self-sustaining 
oscillations  with  passive  loads  the  real  parts  of  the  total  diode 
impedances  at  the  fundamental  and  second  harmonic  must  both  be 
nonpositive. 

The  simplification  invoked  in  Section  6.1  for  a diode  environ 
ment  consisting  of  a singly  resonant  circuit;  namely,  the  restriction 

of  the  time- varying  portion  of  V„  to  a single- frequency  component,  ca: 

r 

now  be  re-examined  in  the  light  of  the  mere  exact  two-frequency 
equivalent  circuit  of  Fig.  6.10.  The  simplification  can  be  thought 
of  as  a failure  to  include  the  effects  of  the  y 7 e°  current 
contribution  to  the  particle  current  within  the  forward-biased  region 
at  the  fundamental  when  the  diode  terminals  are  shorted  at  the  second 
harmonic.  The  following  specific  case  is  examined.  Figures  6.11  and 
6.12  show  impedance  plane  plots  of 


V - 


for  dc  maximum  power  structure  No.  3 at  V^,,  = 0.U  V and  f = 20  C-Hz 

as  a function  of  V__  and  p . As  can  be  seen  near  the  excitation 
r 2 

point  of  = 0.095  V and  p = 320  degrees,  the  second-harmonic 
impedance  trajectory  changes  very  rapidly  and  passes  very  close  to  oh 
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G.  6.12  LARGE-SIGNAL  SECOND-HARMONIC  IMPEDANCE  FOR  DC  MAXIMUM 
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origin  of  the  impedance  plane,  7 = 0.  A comparison  of  two- frequency 

drive  and  single- frequency  drive  results  for  this  diode  at 

= 0.093  V and  p = 321  degrees  is  given  in  Table  6.2.  The  results 
are  not  in  disagreement  to  any  appreciable  extent,  the  largest 
variation  being  the  difference  in  fundamental  diode  voltages  7_ 

ilk  i 

and  the  smallest  being  in  the  difference  in  the  fundamental  output 
power  densities  P . Not  given  in  the  table  but  important  to  this 
argument  is  the  fact  that  both  the  large-signal  diode  resistance  and 
the  fundamental  output  power  change  by  less  than  2 percent  over  the 
entire  range  of  second-harmonic  variation  shown  in  Fig.  6.11.  Thus 
the  fundamental  is  only  mildly  affected  by  the  presence  of  the 
second  harmonic  near  this  important  point  in  parameter  space.  These 
results  are  thought  to  be  typical  for  any  proposed  diode  structure 
and  it  is  therefore  concluded  that  the  single- frequency  forward- 
biased  region  drive  approximation  is  "good  enough"  for  ail  single- 
frequency applications. 

Second-harmonic  power  extraction  using  a BARITT  diode 
was  first  reported  by  East  et  al.68  A packaged 
K-band  diode  (p+np+,  Si,  N^  = k x 10 15  and  base  width  ! 3 ia)  was 
placed  in  a Ha-band  (WR-28)  resonant  cap  waveguide  mount  such  that 
guide  power  flow  at  the  diode  fundamental  mode  frequency  was  cut  off. 
Power  (0.2  to  1.6  pW)  was  observed  at  36  GHz  when  an  E-H  tuner  was 
used  to  match  the  diode  impedance  to  the  guide  impedance  and  the 
diode  was  biased  between  200  and  600  A/ cm2.  If  losses  are  assumed 
low  then  such  a diode  must  "see"  almost  a pure  reactance  at  the 
fundamental  frequency  and  the  fundamental  impedance  locus  must 
cross  the  imaginary  axis  at  the  same  parameter  point  which  corresponds 


Table  6.2 


Single-Frequency  and  Two-Frequency  Large-Signal  Results  for 

Do  Maximum  Power  Structure  No.  3 (N.  = 5 x 10 15  cm-3, 
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3ase  Width  = L 
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3.12  x 10-4 

X2 

(Q-cn2) 

— 

1.20  x 10“4 

P 
‘ 1 

(W/cn2 ) 

-108 

-llL 

? (W/cn2) 
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tc  a second-harmonic  impedance  of  significant  negative  real  part. 

The  theoretical  large-signal  impedance  plane  plots,  2 ^ and  Z,,  for 

this  structure  for  one  particular  set  of  forward-biased  region 

driving  voltages,  V_  = 0.3  V and  V„  = 0.1  V,  are  given  in  Fig.  6.13. 

r±  2d 

The  parallel-plate  "cold"  capacitive  reactances  have  been  subtracted 
out  of  each  locus  such  that  the  plots  could  be  presented  together. 

The  points  narked  by  squares  in  the  figure  are  the  single- frequency 
impedance  values,  i.e.,  y^0  = y,,  = 0,  for  the  given  drive  levels. 

Note  that  oscillation  is  not  possible  at  either  frequency  in  the 
single- frequency  case.  The  possibility  of  dual  oscillation  with  no 
power  delivered  or  absorbed  at  the  fundamental  is  seen  to  exist  at 
a second-harmonic  drive  relative  phase  angle  of  approximately 
-2.5  degrees.  The  second- harmonic  predicted  output  power  density  at 
this  point  is  12  W / cm2  which  is  two  orders  of  magnitude  larger  than 
that  measured  ( junction  area  = ICf5  cm2)  so  it  is  unlikely  that  the 
given  drive  parameters  were  these  present  in  the  experiment.  The 
K-band  diode  package  undoubtedly  prevented  an  ideal  match  of  the 
diode  impedance  at  3b  GKs  so  the  level  of  drive  used  in  Fig.  6.12 
is  perhaps  too  high.  Another  possible  set  of  impedance  loci  for 
smaller  second-harmonic  drive,  V_.  = 0.3  V and  V = O.C35  V,  is 

2 Jm  2H 

shown  in  Fig.  6.1**.  The  second-harmonic  output  power  density  for 
this  case  is  O.h  W/cm2  but  the  level  of  second-harmonic  resistance, 

- 10~6  1-cm2  is  too  low  for  practical  application.  Lack  of  exact 
circuit  characterisation  prevents  any  further  definitive  comparison 
between  theory  and  experiment.  In  actuality,  we  do  net  wish  to 
make  such  a comparison  since  it  is  not  intended  to  portray  these 


theoretical  results  as  all  inclusive  or  exact.  Rather  it  is  hoped 
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CHAPTER  VII.  3ARITT 


DIODE  MIXERS 


T.l  Foreword 

For  the  purposes  of  this  study  the  subject  of  BAR ITT  diode 
mixers  is  split  into  two  principal  subdivisions  based  on  two 
distinctly  different  methods  of  analysis.  The  first  method  of 
analysis  is  based  on  low-level  and  near-frequency  expansions  of  the 
voltage  and  current  of  an  oscillating  diode  and  is  very  similar  to 
oscillator  noise  formulations.  The  second  is  based  on  classic 
small-signal  expansions  of  a pumped  conductance  and  is  valid,  in 
general,  for  any  frequency  range  considered. 


** , 2 Very— Low  Intermediate— F recue ncy  Self— Oscillating  BAP. ITT  Diode 
Mixers 


7.2.1  System  Description.  The  equivalent  circuits  shown  in 
Fig.  7.1  summarize  the  principles  of  an  oscillating  diode  very-low 
intermediate-frequency  receiver.  The  lossy  coupling  circuit, 

Fig.  7.1a,  transforms  (bilinear)  the  impedance  "seen”  at  the  input  of 
the  receiver  transmission  medium  (waveguide,  coaxial  line,  free-space, 
etc.)  to  levels  comparable  with  the  diode  terminal  impedance.  The 
transmission  medium  can  be  any  portion  of  the  receiver  in  which  the 
reverse  traveling  wave,  with  respect  to  the  diode,  consists  only  of 
the  incoming  "unknown"  signal  and  does  not  contain  any  receiver- 
reflected  diode  power.  The  transforming-coupling  network  can  be 
represented  by  any  convenient  set  of  two-port  network  parameters. 


in  particula: 


r,  for  a I-paraneter  representation  of  tie  coupling 
letvork,  the  input  impedance  "seen”  frcn  the  diode  terminals  is 
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For  no  incoming  signal  Z,  = Z0,  the  characteristic  impedance  of  the 


transmission  medium.  However,  with  an  incoming  signal  present*  Z 
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where  V..  and  are  the  values  of  the  phasor  forward  and  reverse 
traveling  voltage  waves  in  the  medium  at  the  output  of  the  coupling 
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In  this  chapter,  as  in  Chapter  VI,  RF  phasor  Quantities  are 
designated  by 


where  Z = Z.  is  obtained  from  2a.  7.1  with  Z„  = Z . Equation  7.3 
is  in  the  fora  of  the  load-variation  model  suggested  by  'laganc  and 
Akaiwa,69  Fig.  7.1b.  If  AZ^  is  multiplied  by  the  unperturbed 
(Zj  = Z^  = Z ) value  of  diode  current,  then  an  equivalent  voltage 
source  e^  can  be  defined  and  an  injectea-signai  model13  results. 

Both  methods  of  analysis,  the  load- variation  model  and  the  injected- 
signal  model,  are  equivalent.  However,  the  inj ected-signal  model 
is  chosen  here  as  it  can  concurrently  be  used  to  study  the  oscillator 
noise  properties  by  simply  letting  e„  represent  the  intrinsic  R? 

II 

open-circuit  noise  voltage  of  the  oscillating  diode. 

The  notation*  for  the  inj ected-signal  mixer  system  studied 
here  is  given  in  Fig.  7.2.  The  two  circuits  symbolize  the  diode 
and  its  circuit  environment  at  the  two  frequency  regions  of  interest: 
RF  (frequencies  u>  near  the  unperturbed,  e„  = eT  =0,  oscillation 
frequency  <d  ) and  IF  (low  frequencies  fi  near  the  bias  frequency 
Q = 0,  i.e.,  dc).  The  low-frequency  voltage  generator  5-  can  either 

0 Lj 

represent  an  external  small-signal  modulation  source  such  as  bias 
supply  noise,  or  the  open-circuit  low-frequency  intrinsic  diode  noise 
voltage,  or  both.  The  meanings  of  the  remaining  symbols  in  Fig.  7.2 
are  obvious  from  inspection. 

The  phasor  equations  that  describe  the  coupling  that  exists 
between  the  LF  and  RF  circuits  are  the  LF  Kirchhoff's  voltage  law, 

Eo  + K = i(zc  + zp)  - (7.1+) 

and  the  RF  voltage  divider  equation, 

* Low-frequency  phasor  quantities  are  denoted  by 


<> 


FREQUENCY  = a 
BIAS,  LF  CIRCUIT 


FREQUENCY  = w 


RF  CIRCUIT 

FIG.  7.2  LF  AND  RF  COUPLED  CIRCUIT  MODELS.  (Z  = R + JX 
FOR  ALL  IMPEDANCE  QUANTITIES) 
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VRP(Zc  + 2d}  “ «HZd  • (7'5) 

The  two  equations  are  coupled  due  to  the  nonlinearity  of  the  diode 
impedance;  that  is. 


and 

ZD  = ZD^  VRF,I,U’^  ’ 


where  the  functional  dependence  is  understood  to  be  nonlinear.  Any 

small  disturbance  represented  by  e._.  or  eT  in  either  one  or  both  of 

the  loops  will  cause  small  changes  in  each  of  the  four  dependent 

variables,  V _,  I,  u and  ft,  such  that  they  vary  about  their  unperturbed 

values,  V__  , 1 , u and  For  completeness,  the  next  section 

fir  oo  o 

o 

contains  a small-signal  analysis70  for  such  variations. 

7-2.2  Perturbation  Theory.  Since  it  is  assumed  that  the  input 
RF  signal  is  at  a frequency  very  near  the  unperturbed  oscillating 
frequency  of  the  diode,  the  quasi-static  approximation  can  be  utilized 
The  LF  Kirchhoff's  voltage  law  equation  and  the  RF  voltage  divider 
equation  are  each  written  at  a single  frequency,  S3  and  ojq,  respective 
ly,  but  with  the  phascr  quantities,  amplitude  and  phase,  understood  to 
be  slowly  varying  functions  of  time.  As  shown  by  Kurokava71  there  is 
one  additional  stipulation.  At  RF,  letting 


[VRFq  + 


Ab(t) 


where  <5V  and  are  small,  we  have 


V‘» 


ti 


so 


-1$9- 


It  is  physically  reasonable  and  experimentally  observed  that  since 
^ is  so  low  all  quantities  at  baseband  are  approximately  in  phase, 
i.e.,  the  imaginary  portion  of  Eq.  7*6  is  approximately  equal  to 
tero.  This  restriction  implies  the  following:  (1)  Ai^(t)  = 0 and 
thus  6ft  = 0,  (2)  X-  = X = 0,  (3)  Im.  (eT  ) = 0,  and  (b) 

b*  Li 


RFo 


3Rd 

3w 


d6V 
dt  - 


3^ 

w 


d<SI 

dt 


Implication  b can  be  identically  satisfied  if 


d'u  - 


3Rn 

3ft~ 


= 0 


The  condition  that  the  total  baseband  resistance  is  not  a function 
of  ft  easily  follows  from  the  previous  acknowledgment  that  = 0. 

i 

However,  the  requirement  that  the  active  device  not  act  as  a discrimi- 
nator is  not  so  intuitive . Again,  an  experimental  observation  is 
invoked. 

From  the  real  part  of  Sq.  J.6  we  have 


Lo  3 V. 


RF 


61  'i 


SRt, 

h$V  +■  I D 

o 3u  ■ 


6ui 


3P7 

RTo  + Xo  if 


An  experiment  which  enables  a direct  test  of  this  expression  is  one 
in  which  the  relative  phase  of  a reflected  portion,  square-wave 


adulated,  of  an  oscillator  output  is  varied  over  at  least  90  degrees. 
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parameters  that  are  directly  applicable  to  the  frequency  region  in 
which  they  are  defined.  That  is,  faz^/av^l  > |3ZQ/3V?^|,  |3ZQ/3l| 

> [ 3Z^/ 31 1 , etc . 

Subject  to  the  preceding  assumptions  and  observations  the 
RF  voltage  divider  equation,  Eq.  7.5>  can  now  be  expanded  in  a 
first-order  Taylor  series  similar  to  the  LF  loop  equation.  When  the 
resultant  is  separated  into  its  real  and  imaginary  components  a system 
of  time  differential  equations  can  be  formed,  in  conjunction  with. the 
real  part  of  Eq.  7.6,  relating  the  time- varying  parameters  <$V,  5co  and 
51  to  the  driving  functions  e and  eT . In  matrix  operator  form  these 
three  equations  can  be  expressed  as 


djl 


6V(t) 

E~  ( t ) 
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Sai  ( t ) 

-.Ljt) 

5 1 ( t ) 
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dt 
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7RFo  dt 
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o hv 
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and  eL(t)  = eL(t),  real  by  observation.  The  short-fora  notation 

Rdv  * 3Rd/,3^/RF|  * been  adopted.  The  matrix  equation  (Eq.  7.T) 

o 

can  oe  solved  by  the  phascr  technique,  i.e.,  let  the  LF  angular  frequency 
of  the  time-varying  quantities  be  a,  then 

6V(t)  = Re[5y(a)eJat]  . 


6V(a) 


R(a) 


<5<2(a)  = [M(ja)]'1  .^(a) 


(7.8) 


61(a) 


eL(ct) 


c.noiderable  algebra  bhe  result,  Sq..  7*8,  can  be  pub  in  bhe 


5V  • det  = 


vRTo  + XoRDI^ZhI  |IZtulsia^3u  “ V 


+ eLlZto1NZdilsin(0i  - e.J  • (T.9) 


*“  • 4st  ' (bio  + iobdi)IzhI'0z4tI,1,,19h- 9t>  * J T2-!^! 
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• ==s(9„  - 9H>]  + IoRarlJEllZul*I‘<9I  - 9w'  * *tlZdllDSdvlsl“<9v  - V 

■ J v~lzt.iMs(,»  - ei0  <T-10> 


Si  • d«  . - ej  ♦ e.  [Z_^  | 

. Ow-C.  - 9V>  * > vH^i]  • (T-11* 
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* (ETo  + IoSDI) I2 
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Z,  sin(0  - 9 ) 
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7__  1 tw1 
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(7.12) 


and 


H 


= R.. 


jX..  = 
H 


z-r  e 


Equations  7-9  through  7-11  indicate  that  the  presence  of  the  dis- 
turbing signals  e„  and  eT  induce  slowly  varying  amplitude  and 
frequency  variations  in  the  RF  voltage  across  the  diode  and  a 
low-frequency  current  variation  in  the  bias  circuit.  In  general, 
the  HP  variations  can  be  thought  of  as  the  result  of  the  combined 
effects  of  signal  and  image  components  at  and  - <uTT, 

where  id  is  the  difference  frequency  between  the  frequency  of 

and  the  unperturbed  oscillation  frequency  This  interpretation 

is  developed  further  in  Appendix  B. 

7.2.3  Perturbation  Theory  Discussion — Special  Cases . To 
facilitate  the:  specialisation  of  the  equations  of  the  previous 
section  to  the  case  of  the  very-low  I?  downconverter' it  is  helpful 
to  make  the  following  definitions: 

1.  The  injected  RF  voltage  generator  due  to  the  incoming  signal 


1S  eHs  5 eHs 


Hs 
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2.  The  narrow-band,  representation*  of  the  diode  KF  intrinsic 

juj  t 

open  circuit  noise  voltage'2  is  e„  (t)  = Re  (e„  e 0 ),  where  e„  = 

J8  (t)  X*  ^ ** 

en(t)  e n . 

3.  The  LF  noise  voltage  generator  s eT  (t). 

Ln 

U.  The  oscillator  RF  amplitude  variation  due  only  to  the  incoming 

signal  is  5V  = 5V(e„  = e„  , eT  =0). 
s a .is  l 

5.  The  oscillator  RF  amplitude  fluctuation  due  to  RF  and  LF  noise 


is  57  = <SV( 


eH  = aEn’  eL  eLn" 


6.  The  oscillator  RF  amplitude  fluctuation  due  only  to  the  intrinsic 

RF  noise  is  <5V  = 5V(e„  = e„  , eT  = 0). 

.in  H Hn  L 

7.  The  bias  current  variation  due  only  to  the  incoming  signal  is 

51  = 5l(e„  = e„  , e = 0) . 
n ns  L 

8.  The  bias  current  fluctuation  due  to  RF  and  LF  noise  is 
SI3  = 4KSh  = 5PJ1,  e.  = e^!. 

9.  The  bias  current  fluctuation  due  only  to  the  LF  noise  is 

51-  = 51.  (e  = 0,  e = e ). 

LiU  lzi  a i Ln 

10,  The  AM  modulation  sensitivity  is  = |Z,_|sin(0-  - 0 )/ 

AM  1 dl 1 i a) 

[bdv|sia(8U  - V + j(a/VRFo)|ZtJK 

11.  The  coupling-transforming  circuit,  Fig.  7.1a,  efficiency 


factor  is 


Z0Z12 

* 2 [z  +"z  ) (z  z°tz  z — rrn  (z-?ara*e^s) 

O 22  11  ° 11  22  12 


* Mean  square  noise  values72  are  represented  by  the  shortened  form 

|e„  |2  + {Re  [e,.  exD(,jw  t)]}2,  etc. 
tin  tin  o 


Gupta  et  al.13  arrived  at  a similar  conclusion  regarding  the  effects  of 
oscillator  frequency  fluctuations  on  low  IF  self-oscillating 
doppler  detectors  but  that  they  employed  an  entirely  different  set 
of  arguments.  Essentially,  they  reasoned  that  for  short  round- 
trip  transit  times,  diode  oscillators  with  the  then  typical 
measured  FM  spectral  power  densities  did  not  have  enough  time  to 
change  frequencies  with  sufficient  magnitude  such  that  the  resul- 
tant downccnverted  signal  was  affected.  It  is  argued  here  that 
this  criterion  is  toe  restrictive  in  that  it  precludes  considera- 
tion of  external  sources  for  the  origin  of  incoming  signals  and 
that  it  ignores  the  basic  physical  restriction  which  leads  to  the 
simple  form  of  the  denominator  of  Eq.  7*13;  namely,  that  the  diode 
does  not  act  as  a discriminator,  or  = 0. 

One  seemingly  apparent  manner  in  which  to  optimize  the 
detected  signai-to-noise  ratio  is  to  minimize  the  low-frequency 
intrinsic  noise  contribution  <51^  by  RF  circuit  techniques. 

After  some  manipulation,  this  term  can  be  put  in  the  form 


61. 


'Ln 


Ln 


TO 


1 - 


®mMAM 


®kMAM  + 1 


The  unity  term  in  parentheses  represents  the  bias  current  fluctuations 
that  would  flow  if  there  were  no  downconversion  while  the  second  term 
represents  the  resultant  canceling  flow  due  to  the  closed-loop 
downconversion  of  upconverted  current  fluctuations.  The  loop  gain 
is  the  downconversion  transconductan.ee  times  the  AM  modulation 
sensitivity  and  any  increase  in  either  of  these  two  parameters  is 


seen  to  diminish  the  magnitude  of  <51^.  ITygren  and  Sjolund1** 
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suggested  one  method  o?  increasing  g^M^,  to  circuit  tune  for  very 
large  M„m  by  operating  such  that  e - 9.  = 0 or  180  degrees. 

yj  V 

As  is  shown  later  this  is  a false  goal  since  9_  = 9 + 180  degrees 

for  most  diodes , thus  cannot  be  made  arbitrarily  large  indepen- 
dent of  system  stability.  Tuning  for  6^  - 9^_  = .0  or  180  degrees 
would  force  the  determinant  of  matrix  M,  Eq.  7.12,  to  become 
extremely  small  which  implies  quiescent  operation  near  an  unstable 
point  in  the  impedance  plane,  i.e.,  non- small- signal  operation. 

The  proof  that  9^  - + l30  degrees  for  a 3ARITT  diode  is  very 

simple.  Since,  by  the  assumptions  of  Chapter  VI,  the  nonlinearity 
of  the  total  diode  impedance  is  entirely  contained  in  the  conductance 
of  the  forward-biased  region,  the  two  partial  derivatives  in 
question  can.be  written  .as_ 


3Z . 


3V. 


RF 


if*  m 

3Gp  3V. 


RF 


and 


3Z. 

a 

31 


3Gw  31 

f 


Also  from  Chanter  VI  we  have 


= i: 


,2"i  ;vfi/Y;  1 


where  I and  I,  are  the  modified  Bessel  functions  and  V__.  is  that 
o 1 ^1 

portion  of  V^,  appearing  across  the  forward-biased  region.  Since 

V _ is  a magnitude,  the  quotient  21  (V-  /V_)/I  (V_. /V_)  is  a positive 

monotonically  increasing  funct ion  with  V , slope  < 1,  which 

r i 

saturates  at  the  value  two  for  high  levels  of  V drive.  It  is 
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elear  that  3G_/3V  I is  real  and  always  negative.  It  is 

f . 

1 I = const 

equally  clear  that  3 G_/3 1|  . ..  is  also  always 

^ F V„.  3 const  -*■  V__  = const 

1 FI  RF 

real  but  positive.  Finally,  since  and  V^  are  both  magnitudes 

and  as  such  are  related  by  a positive  ratio,  it  is  seen  that  it  is 

exactly  true,  to  the  extent  of  the  assumptions  of  Chapter  VI,  that 

9y  = 9T  + 130  degrees.  Experimental  evidence  that  this  tuning 

relationship  holds  for  IMP ATT  diodes  as  well  has.  been  presented 

by  Peterson.73  Thus  the  method  of  Nygren  and  SjSlund  will,  in 

general,  produce  just  the  opposite  effect  for  which  it  was  intended; 

will  in  fact  tend  to  zero  rather  than  infinity  if  the  circuit 
AM 

is  tuned  such  that  9 - 9 = 0 or  180  degrees. 

VO) 

As  a special  case  we  examine  the  detected  signal-to-noise 
ratio  with  this  new  stipulation,  9v  = 9T  + 180  degrees.  Equations 
7.12  and  7-13  can  now  be  put  in  the  following  form: 


S2l*Hsl2 


2S2|e 


Hn 


2 * t('Wv2)  sl-2  5 * °2IVZJ2!:I» 


(7.14) 


and 


(7.15) 

where  0 is  the  rectification  effect  coefficient  I R_  , v is  the 

o ov*  c 

device-circuit  tuning  voltage  I | / | zdvl > and  5 is  the  timing  angle 
9^  - 9^  = 9j  - 9^  + 180  degrees.  As  can  be  seen,  optimization  of  the 
(S/N)^j  with  respect  to  the  tuning  angle  £ is  impossible  since  the 
obvious  solution,  5 3 0 or  l80  degrees,  implies  an  unstable  operating 
point,  i.e.,  det  -*■  0 for  low  values  of  a.  Cognizant  of  this  dilemma, 
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(we  choose  to  define  a "heuristic  optimum"  value  of  (S/ll),-  by 

IxT 

maximizing  the  system  determinant,  Sq.  7-15»  with  respect  to  5. 

B 

Again,  the  obvious  solution  for  this  course  is  orthogonal 
tuning,  5 = ±90  degrees.  The  backhanded  aspect  of  this  choice  is 
that  the  (S/N)^  is  actually  minimized  when  £ 3 £90  degrees. 
Nevertheless,  as  Sq.  7*1^  cannot  be  optimized  independent  of  system 
stability,  orthogonal  tuning  is  maintained  not  only  to  be  a 
satisfactory  goal  but  a desirable  one  as  well. 

It  is  apparent  from  Eq.  7.11*  that  the  detected  signal-to-noise 
ratio  is  independent  of  the  value  of  the  bias  resistor  R . Thus  tc 
study  the  common  case  of  constant  current  bias , a bias  circuit 
variation  is  defined  as 

5VC  = ?.csi 


and  the  limit  of  the  system  equations,  Eqs.  7.9  through  7.11,  as 

® is  taken.  This  is  the  case  studied  by  Gupta  -et  al.13  The  equations 
for  the  RF  and  LF  incremental  components  new  become 
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Since  (5/N)t„  is  independent;  of  R_  it  does  not  chansre.  The  particular 
advantage  for  this  method  of  bias  is  clearly  evident , upconversion 
of  the  diode  low-frequency  noise  has  been  eliminated. * 

Finally , we  estimate  the  corner  frequency  at  which  the  imagi- 
nary portion  of  sin  £ + j(a/V__  ) I Z,  /Z,  I becomes  equal  to  the  real 

itr  o ujj  dv 

part  for  a typical  diode.  From  the  experimental  data  of  Snapp  and 

Weissglas12  for  their  Diode  3 (see  Fig.  6.6)  at  J =50  A/cm2, 

o 

V__  = 5 V and  f =6.6  GHz,  we  have 

RFo  o 
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where  from  graphical  differentiation 
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where  QT  is  the  loaded  Q of  the  oscillator  circuit  and  G.  = - 7.2  x 
u a 


10"4  mho.  Thus  at  the  corner  frequency  for  orthogonal  tuning 


_£  3.2  GHz 

2v  3 

For  a typical  value  of  = 25  (again  estimated  from  Reference  10] 


* Current  fluctuations  in  the  bias  source  can  still  be  unconverted 
however . 
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this  corner  frequency  Is  approximately  120  MHz.  This  result  is 
deemed  as  representative  for  most  diodes.  Further,  since  all  the 
measurements  for  the  very-low  IF  mixers  that  are  considered  in 
this  study  are  at  modulation  frequencies  of  less  than  1 MHz,  we 
can  safely  neglect  any  imaginary  contributions  to  the  phasor 
incremental  terms  in  las.  ?.lo  through  7.19  acid  consider  all 
quantities  real  and  in  phase. 


7.2.1  Theoretical  and  Experimental  Results  for  Very- Low 
Intermediate-Frequency  Self-Os dilating  3ARITT  Diode  Mixers . 
Very-low  intermediate-frequency  negative-resistance  mixers  can  be 
easily  characterized  in  an  experimental  setup  similar  to  that  shown 
in  Fig.  7.2a.  At  any  particular  diode  operating  point  the  phase 
shifters  are  adjusted  to  produce  a maximum  detected  voltage  signal 
across  the  diode  terminals  (detected  current  through  the  diode  for 
a Gunn  device ) . This  procedure  ensures  pure  AM  modulation  as 
discussed  previously.  The  transmission  medium  path  attenuation 
is  then  increased  until  the  dcwnconverted  signal  is  Just  equal  to 
the  noise.  From  Eq.  7-17  we  have  for  this  condition,  i.e., 

(S/N)  = 1,  and  for  low  modulation  frequencies  and  orthogonal 

tuning. 
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We  can  exoress  this  value  of  e„  in  terms 

Hs 

detectable  signal  (MDS)  to  the  measurable 
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of  the  measurable  minimum 
carrier  power  (C ) ratio 
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This  ratio,  MBS/C  is  of  prise  importance  in  radar-type  applications, 
as  it  indicates  the  maximum  allowable  system  path  loss  or  range. 
While  in  receiver-type  applications  the  primary  interest  is  in  the 
value  of  the  MDS  only,  for  it  represents  the  receiver  sensitivity. 

It  follows  that  the  MBS/C  ratio  for  a given  value  of  C is  a useful 
means  for  comparison  for  various  device-circuit  combinations. 

An  important  consequence  inherent  in  Zc.  7-20  is  the  fact 
that,  other  than  the  determination  of  the  amplitude  of  the  diode 
RE  voltage  drive  and  the  presence  of  the  coupling  efficiency  factor 
k,  the  deviee-RF-circuit  interaction  is  manifest  only  in  its  effect 
on  the  IF  noise  term.  The  dependence  of  MDS/C  on  the  RF  noise  is 
one  of  proportionality  to  the  intrinsic-device  noise  alone.  This 
is  contrary  to  the  measurable  double- sideband  AM-noise-tc-carrier 
ratio, 
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where  i_  is  the  current  fluctuation  in  the  bias  source  in  which 
Bn 

both  the  device-RF-circuit  interaction  and  the  intrinsic-RF-deviee 
noise  determine  the  total  RF  contribution.  Thus  in  theory  it 
appears  that  it  may  be  possible  for  the  MDS/C  ratio  for  certain 
devices  and  circuits  to  be  actually  less  than  the  measured 
(N/C),..  ratio,  even  for  noiseless  bias  supplies.  In  practice, 
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however,  to  the  author's  knowledge,  this  has  never  been  observed. 
The  closest  agreement  between  MDS/C  and  (N/C),.,  for  any  device 
has  been  with  the  3ARITT  diode  (see  References  2 and  11  and  the 
noise  measurements  in  Reference  74).  Figure  7-4  is  a plot  of 
measured  X-band  MDS/C  values11  for  four  different  SARI IT  diode 
structures , a commercial  IMPATT  diode  and  a commercial  Gunn  diode 
vs.  their  RF  output  powers.  Clearly  the  3ARITT  structures  are 
all  superior  in  terms  of  MDS  values  and  the  Ib-V  and  5C-V  3ARITT 
structures  are  superior  in  terms  of  path  loss  as  well.  These 
results  can  be  explained,  at  least  qualitatively,  with  the  aid  of 
Eq.  7.20  as  follows: 

1.  The  intrinsic  RF  open-circuit  noise  voltage  for  the 
3ARITT  and  the  Gunn  are  comparable  since  they  both  arise  sub- 
stantially from  diffusion  noise  sources.  The  intrinsic  RF 
open-circuit  noise  voltage  for  an  IMPATT  is  several  orders  of 
magnitude  higher  since  it  results  from  the  avalanche  multiplication 
process.  Thus  the  IMPATT  is  inferior  on  an  equal  RF  drive  basis 

in  terms  of  [e..  p. 

2 . The  Gunn  diode  appears  to  be  a poor  downconverter  a 

posteriori  and  suffers  in  comparison  to  the  5ARITT  and  the  IMPATT. 

Nagano  and  Akaiwa69  measured  conversion  sensitivity  values  for  an 

X-band  Gunn  which  can  be  approximately  expressed  in  terms  of  the 

notation  of  this  study  as  8v  . They  found  maximum  values  of  Sv 

c c 

of  less  than  0.6  V.  This  is  to  be  compared  with  values  of  several 
hundred  or  more  for  a BARITT  or  an  IMPATT.  Thus  the  IF  noise 
contribution  is  more  dominant  in  the  MES/C  expression  for  the 
Gunn  device.  Also,  the  "corner  frequency"  for  the  1/f  IF  noise 


I 


of  a Gunn  appears  to  be  higher  than  its  IMPATT  and  BARI XT 

77 

counterparts . ' 3 

3.  The  LF  noise  voltage  of  an  IMPATT  varies  inversely  with 
bias  current.73?79  Therefore  at  lower  RF  output  power  levels — due 
to  lower  input  dc  power  levels — the  LF  noise  component  will  rise, 
relative  to  a higher  bias  current  value,  and  further  degrade  the 
MDS/C  ratio. 

4.  As  the  RF  output  power  of  a HARITT  diode  is  lowered  via  a 

decrease  in  the  bias  current  both  I e„  I and  e.  fall  since  they 

1 -in 1 in 

are  both  monotonic  functions  of  the  bias  current.  Therefore, 
depending  on  the  circuit,  i.e.,  v and  k,  and  the  rectification 
factor  g,  the  3ARITT  has  the  potential  of  maintaining  its  MDS/C 
capability  as  its  prime  power  (dc)  is  lowered.  This  behavior  is 
observed  in  general  for  the  3ARITT  devices  of  Fig.  7.4;  that  is, 
the  fall  in  MDS/C  is  not  as  great  as  the  fail  in  carrier  power 
over  the  operating  range  shown.  In  one  case,  the  1 6-V  device,  the 
MDS/C  ratio  is  approximately  constant  over  a carrier  power  drop 
of  more  than  15  d3. 

Similar  substantiating  comparative  results  have  been  observed  at 
K- band1 2 and  at  very-low  modulation  frequencies  at  X-band.80 

A detailed  theoretical  study  of  the  K-band  BARITT  diode 
structure  first  presented  in  Chapter  VI  (see  Fig.  6.13)  is  given 
in  Figs.  7.5  through  7*9.  All  the  results  presented  are  at  a singl 
RF  drive  frequency  of  21.3  GHz  to  correspond  to  the  experimental 
study  of  Reference  12.  Shown  in  Fig.  7*5  is  an  R-X  plot  of  the 
diode  impedance  as  a function  of  bias  current  density  and  the 
magnitude  of  the  RF  drive  voltage  acrocs  the  diode.  The  two  tuning 
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FIG.  7.6a 


RF  OUTPUT  POWER  FOR  K-3AND  BAP. ITT  DIODE 

AS  A FUNCTION  OF  DRIVE  AND  3IAS.  (f  = 21.3  GHz) 


FIG.  7.7  SENSITIVITY  OF  TEE  K-3AND  3ARITT  DIODE  IMPEDANCE 

WITH  RESPECT  TO  DRIVE  AS  A FUNCTION  OF  DRIVE,  BIAS 
AND  TUNING.  (f  = 21.3  GHz) 


K-BAND  BARITT  DIODE  AS  A FUNCTION  OF  DRIVE,  3IAS 
AND  TUNING,  (f  = 21.3  GHz) 
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trajectories  indicated  in  the  figure  represent  the  two  limiting  cases  of 

device-circuit  interaction.  One  case,  constant  R„  tuning  (R_  = R ), 

L L C 

assumes  that  the  minimum  practical*  resistance  that  can  be  presented 


to  the  diode  terminals  is  limited  to  a fixed  value,  chosen  here  as 
k x 10” 5 G-cm2,  and  that  this  value  determines  the  diode  operating 
point.  This  case  can  be  considered  to  be  the  circuit-limiting 
case.  The  other  trajectory,  maximum  power  tuning,  assumes  that 
the  circuit  is  capable  of  efficiently  presenting  to  the  diode  any 


value  of  R-p  needed  by  the  diode  to  oroduce  its  maximum  RF  newer 

-U 

for  a given  bias  condition.  This  situation  is  the  device-limiting 
case.  In  any  actual  device-circuit  combination  the  operating  point 
would  no  doubt  lie  between  these  two  extremes  so  their  identification 


serves  mainly  to  bound  any  derived  performance  factors.  The  origins 
of  the  two  trajectories  are  obvious  from  Figs.  J. 6a  and  b where  the 


diode  power  and  large-signal  resistance  are  given  as  functions  of 
RF  drive  and  do  bias.  It  can  be  seen  that  the  choice  of  H,  = b x 10“5 
n-cm2  leads  to  increasing  RF  power  with  bias  until  approximately 
the  maximum  power  point  (with  bias)  is  reached.  A different  choice 
of  R , i.e. , 6 x 10"5-.n-cm2,  would  not  permit  operation  at  the  higher 

Li 

bias  levels  at  21.3  GHz  and  in  fact  would  not  allow  maximum  power 


operation  for  any  bias  level  at  21.3  GHz.  It  is  also  noted  that 
the  present  choice  of  R.  = b x 10“ 5 ft-cm2  is  violated  at  the  bias 
extremes  for  pure  maximum  power  tuning.  Clearly  then,  the  choice 
of  the  actual  operating  point  will  be  a compromise  process  depending 
on  both  the  circuit  and  the  bias. 

I 

* Practical  in  the  sense  of  maintaining  a reasonable  coupling 
efficiency. 


-195- 


The  dependence  of  the  system  determinant  |2^|  on  drive, 

bias  and  tuning  is  shewn  in  Fig.  7*7.  la  general,  I Z.  I falls 

1 dv1 

with  diode  EF  output  power  and  thus  the  system  becomes  more  sensitive 
to  disturbances  as  the  diode  RF  power  decreases.  This  is  desirable 
since  for  constant  current  bias  the  LF  device  noise  is  removed  from 
the  upconvers ion-downconvers ion  loop  and  its  effect  in  the  IF 

circuit  is  thus  diminished  by  increased  loop  sensitivity.  The  diode 
rectification  effect  is  shown  in  Figs.  7.8a  and  b.  The  rectifica- 
tion factor  6 is  seen  to  less  than  double  over  the  entire  range 
of  the  plot  and  as  such  can  be  considered  a very  weak  function  of 
bias  and  tuning.  The  theoretical  device-circuit  interaction  voltage 

v is  shown  in  Fig.  7-9.  The  comparison  between  these  values  and 
c 

the  Gunn  diode  values  of  gv  mentioned  previously  is  most  striking. 

c 

Also  apparent  is  the  desirability  of  operation  in  a device-limited 
circuit  environment . Of  course  practical  limitations  govern  the 
extent  or  even  prevent  the  existence  of  any  such  environment  for  a 
given  actual,  circuit  so  the  trend  toward  better  iMDS/C  performance 
with  lower  prime  (bias)  power  must  eventually  reverse. 

To  complete  the  K-band  device  study  the  measured  MDS  values12 
in  a 1-Hz  bandwidth  for  an  experimental  version  of  the  diode 
(chip  area  =■  2 x 10” 5 cm2)  are  shown  in  Fig.  7.10.  The  maocimum 
path  loss  capability  for  this  device  at  a modulation  frequency  of 
10  kHz,  - 117  d3,  is  30  dS  worse  than  the  best  X-baad  measured  value, 
Fig.  7.4.  Since  the  difference  in  RF  output  power  between  the  two 
diodes  at  their  optimum  MDS/C  operating  points  is  approximately 
15  13  it  is  logical  to  assume  that  the  K-band  diode  performance  is 
hindered  by  its  circuit.  Also,  the  theoretical  maximum  RF  output 


OPERATING  CONDITIONS 


BAH ITT  DIODE  DOPPLEH  DETECTOR  SENSITIVITY 


power  for  this  device  over  its  region  of  negative  resistance  is 
approximately  an  order  of  magnitude  higher  than  that  observed  experi- 
mentally. Given  the  relatively  close  agreement  between  theory  and 
experiment  for  RF  output  power  at  X-'oand,  this  level  of  disagreement 
further  reinforces  the  supposition  that  the  experimental  device  is 
circuit  limited. 

7 . 3 Four- Frequency  BAR ITT  Diode  Mixers 

7.3.1  Introduction.  The  analysis  of  very-low  IF  mixers  presented 
in  Section  J.2  was  restrictive  in  the  sense  that  both  the  amplitude  of 
the  diode  RF  perturbation  voltage  and  the  intermediate  frequency  were 
required  to  be  small.  In  this  section  a general  small-signal  analysis 
is  presented  for  the  3ARITT  diode  mixer  in  which  the  value  of  the 
intermediate  frequency  is  unrestricted.  The  method  of  analysis  follows 
closely  the  work  of  Hines’-5  on  IMPATT  diodes  and  is  essentially  a 
straightforward  extension  of  classic  nonlinear  resistive  mixer  theory.81’82 
Similar  to  the  detector  study  of  Chapter  IV  the  particle  current  injection 
region  (the  forward-biased  region  of  the  diode)  is  assumed  to  be  the  only 
nonlinear  element  of  the  device.  The  forward-biased  region  displace- 
ment capacitance  at  first  glance  could  also  be  considered  to  be  pumped, 
since  the  extent  of  the  region  changes  with  the  pumping  voltage. 

However,  considering  the  diode  as  a whole,  the  total  displacement 
capacitance  is  fixed  and  does  not  vary  with  RF  drive  since  the  diode 
is  a punch-through  structure.  Therefore  if  we  define  an  "average" 
forward-bias  region  width,  the  phase  of  the  injected  particle  current 
will  on  the  average  be  correct.  This  is  definitely  an  approximation, 
but  one  that  greatly  facilitates  a closed-form  solution.  Hines 
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assumea  that  actual  frequency  conversion  occurs  only  in  the  nonlinear 
injection  region  (avalanche  region)  of  an  IMPATT  diode  and  that  the 
drift  region  serves  only  as  a linear  parasitic  (active  or  passive) 
impedance.  This  is  similar  to  the  two-frequency  harmonic  large- 
signal  study  of  Mouthaan6 3 discussed  in  Chapter  VI  except  that  only 
the  pump  signal  is  assumed  to  be  large  while  the  other  perturbing 
signals,  nonharmonic ally  related,  are  all  assumed  to  be  small. 

The  IMPATT  diode  frequency  conversion  analysis  of  Evans  and  Haddad33 
considered  the  entire  diode  to  be  the  nonlinear  frequency  converting 
element,  the  effect  of  which  was  a restriction  of  their  closed- form 
analytical  solutions  to  frequency  regions  which  resulted  in  small 
diode  drift  transit  angles.  The  approach  taken  here,  ala  Hines,  is 
to  solve  for  the  frequency  converting  transadmittance  terms  of  the 
forward-biased  region  of  the  diode,  much  like  the  two-frequency 
study  of  Chapter  VI,  and  then  include  the  effect  of  the  diffusion-drift 
region  in  a manner  similar  to  the  derivation  of  the  small-signal 
diode  model  of  Chapter  III.  A coupled  three- frequency  equivalent 
circuit  is  thus  formed  from  which  the  conversion  and  noise  properties* 
of  any  specified  mixer  network  can.  be  determined  by  simple  circuit 
analysis. 

Two  basic  modes  of  operation  for  the  BARITT  diode  mixer  can 
be  identified:  an  active  mode  in  which  pump  power  is  supplied  by 
the  diode  itself,  i . e . , the  self-oscillating  mixer,  and  a 
passive  mode  in  which  pump  power  is  supplied  from  an  external  source. 
Both  modea  of  operation  are  discussed  in  this  work. 

* The  I?  is  assumed  to  be  of  sufficient  magnitude  such  that  noise 
contributions  of  the  pump  (i.e.,  oscillator  noise)  are  negligible. 
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7-3.2  The  Frequency  Conversion  Process  in  & 3ARITT  Ilode 
and  Frequency  Converter  Circuits.  As  developed  in  Chapter  II  the 
particle  current  injected  into  the  diffusion-drift  region  of  a 
3ARITT  diode  is  a near  exponential  function  of  the  total  applied 
voltage  across  the  forward-biased  region;  that  is,  c.f. , Ea.  2.23, 

J(t)  = os  exp[Vp(t)/VT]  . 


The  applied  voltage  across  the  forward-biased  region  consists  of  a 

dc  portion  V_,  , a large-signal  pumping  voltage  V (t),  and  a number 
r o p 

of  small-signal  information  carrying  voltages  I v_  (t)  arising  from 

n JfQ 

the  input  signal  or  signals  and  the  subsequent  conversion  process. 
Since  all  the  information  carrying  voltages  are  assumed  to  be  small, 
the  injected  particle  current  density  can  be  expanded  as 


J(t) 


(7.21) 


where  J (t)  is  that  portion  of  the  injected  current  that  is  due  to 

the  dc  bias  and  the  pumping  signal  only.  For  a periodic  V (t)  with 

P 

fundamental  angular  frequency  w , Jp(t)  can  be  expressed  by  its 
complex  Fourier  series  as 
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where  J,  is  the  diode  dc  current  density  and  J is  the  phasor 
dc  pm 

representation  of  the  mth  harmonic  component  of  J (t).  The 
information  voltage  terms  of  Eq.  7.21  can  also  be  written  in  complex 


form  as 
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Substituting  these  expressions  into  Eq.  7*21  and.  performing  the 


indicated  multiplication  yields 
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+ c.  c.  , (7.22) 


where  g^  is  the  small-signal  conductance  of  the  forward-biased 


region  (g  = J , /V  ) , y.  is  a defined  transadmittance, 

6 uC  x 12 


g J 
e tm 


2 J, 


(7.23) 


and  c.  c.  is  the  complex  conjugate  of  all  the  previous  quantities 


on  the  right-hand  side  of  the  equation  except  the  dc  current  term. 


It  is  evident  from  Eq.  7-22  that  a small-signal  voltage  across  the 


forward-biased  region  at  frequency  gives  rise  to  injected  particle 


currents  at  frequencies  u , sio  + u and  mj  - to  . Hines' con- 

n p n P n 


venient  and  simple  numbering  system  is  adopted  for  keeping  track 


of  the  different  frequencies.  That  is,  it  is  assumed  that  the 


lowest  frequency  information  voltage  which  exists  across  the  forward- 


biased  region  is  at  an  angular  frequency  id  with  to  = w^/2.  The 


If  coefficients  cf  like  exponentials  on  the  left-hand  side  and 

right-hand  side  of  Eq.  7.22  are  equated,  two  infinite  rsn.k  matrix 

equations,  one  the  complex  conjugate  of  the  other,  can  be  formed 

relating  the  phasor  injected  particle  current 3 J due  to  the  phasor 

information  carrying  voltages  As  a first-order  approximation 

it  is  assumed  that  only  three  information  carrying  voltages  exist 

across  the  forward-biased  region  and  that  these  voltages  are  at 

frequencies  u , u>,  = <4  + u>  and  u , = u>  - id  . A completely 

o lpo  -lpo  * 

deterministic  3 by  3 submatrix  equation  can  then  be  extracted  from 
either  one  of  the  full  matrix  equations.  The  submatrix  equation 
chosen  here  is 
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The  particle  injection  currents  of  Eq.  J.2k  are  transported 
across  the  diffusion-drift  region  of  the  diode  and  give  rise  to 
induced  terminal  currents  at  the  collector.  At  each  frequency  u , 

K 

the  collector  terminal  total,  current  J , can  he  expressed  as 


f -j, 

3k  k 


(7.25) 


where  v_  is  the  small-signal  phasor  voltage  across  the  diffusion- 

drift  region.  Equation  7.25  in  conjunction  with  Eqs.  3.h8  and 

3.51  suggests  the  equivalent  circuit  of  Fig.  7.11  for  an  example 

freauency  of  u>,  . Similar  equivalent  circuits  hold  at  w and  m , . 

i.  o-l 

External  circuits  and  sources  at  each  of  the  three  frequencies  of 
interest  complete  the  description  of  the  3AHITT  diode  frequency 
converter  and  a simultaneous  solution  of  the  three  coupled  circuits 
is  required  for  a complete  description  of  the  conversion  properties 
of  the  diode.  Hines15  presented  closed- form  expressions  for  the 
solution  of  an  IMPATT  version  of  this  problem  but  they  are  so 
cumbersome  that  only  after  numerous  restricting  simplifying  assump- 
tions can  any  insight  be  obtained  from  them.  Peterson34  obtained 
solutions  for  the  same  IMPATT  problem  by  expressing  the  coupling 
between  the  three  circuits  in  terms  of  equivalent  two-pcrt  network 
parameters.  This  results  in  one  large  coupled  circuit  which  can  be 
analyzed  by  any  convenient  linear  network  analysis  computer  program. 
The  disadvantage  of  such  an  approach  is  that  any  possible  insight 
obtainable  from  a closed-form  solution  is  lost.  However,  this 
loss  is  far  outweighed  by  the  3peed  and  ease  with  which  the  analysis 
is  implemented.  The  second  course,  chat  of  Peterson,  is  chosen  here 


FIG.  7.11  SMALL-SIGNAL  EQUIVALENT  CIRCUIT  OF  THE  PUMPED  BARITT 


DIODE  AT  THE  INPUT  SIGNAL  FREQUENCY  u>  . 

1 
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as  the  method  of  solution  for  coupled  networks  of  the  BARITT  diode 


The  two-port  network  parameters,  in  this  case  the  ABCD 
parameters,  that  describe  the  coupled  circuits  typified  by  Fig.  7.11 
are  depicted  in  Fig.  7.12.  The  ABCD  parameters  were  chosen  to 
enable  the  use  of  a linear  circuit  analysis  program  written  by  the 
author,  similar  to  MARTHA,35  in  which  the  network  is  topologically 
described  by  the  use  of  wiring  operators.  This  program  posesses  a 
high  utility  for  this  class  of  problem  by  reason  of  its  powerful 
circuit  description  capability  and  the  relative  ease  by  which 
subsequent  changes  in  the  network  are  affected.  The  single  but 
large  three- frequency  coupled  circuit  that  describes  the  entire 
information  carrying  portion  of  the  3ARITT  diode  mixer  is  shown 
in  Fig.  7.13.  The  complex  conjugate  network  at  frequency  is 
simply  the  standard  formulation  of  the  network  but  is  evaluated 
using  a negative  frequency,  -w  .. 

The  principal  interest  of  this  section  is  the  downconversion 

properties  of  the  BARITT  diode.  For  this  application,  signals  in 

the  input  frequency  network,  either  the  network  [an  upper- 

sideband  downconverter  (USBDC)]  or  the  ui_i  network  [a  lower- 

sideband  downconverter  (LSBDC)],  are  converted  to  signals  in  the 

other  two  frequency  networks.  The  desired  conversion  is  to  the 

u)q  circuit  so  a conversion  gain  (power  gain)  of  the  mixer  can  be 

defined  as  the  ratio  of  power  delivered  to  the  external  circuit 

load  at  a)  to  the  available  tower  of  the  intut  signal  generator, 
o * 

That  is. 


(b) 


FIG.  7.12  ABCD  PARAMETERS  GF  TWO  ELEMENTS  OF  A 3AEITT  DIODE 

FREQUENCY  CONVERTER  EQUIVALENT  CIRCUIT.  (a)  TRANSADMITTANCE 

NETWORK  (A  * D = Q,  3 = 1/y  , C * 7 ) AND  (b)  LINEAR 

21  12 

PORTION  OF  A 3ARITT  DIODE  [A  = 1 + (JwC/Y),  3 = (l  - r)./Y, 

C * JujC , D = l]. 
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where  the  use  of  the  plus  or  minus  signs  depends  on  the  particular 
type  of  mixer,  'JS3DC  or  13BDC.  The  conversion  gain  of  a BARITT 
diode  dovnccnverter  can  be  greater  than  ’unity  for  two  reasons : 

(l)  Injection  currents  at  one  frequency  which  result  from  forward- 
biased  region  voltages  at  another  induce  both  terminal  resistive 
(in  phase)  currents  and  terminal  reactive  (90  degrees  out  of  phase) 
currents  due  to  transit-time  effects.  Thus,  at  the  diode  terminals 
the  structure  appears  as  a pumped  complex  nonlinear  admittance. 

The  gain  properties  of  a pumped  nonlinear  admittance  have  been 
well  documented. 33 > 3 ' (2)  Also,  due  to  transit-time  effects,  there  are 

frequency  regions  of  diode  negative  resistance  which  can  be  employed 
to  produce  conversion  gain  by  combined  reflection-type  amplification 
and  mixing.  In  any  particular  application  the  two  gain  phenomena  are 
coincident  since  they  both  result  from  transit-time  effects  and 
no  attempt  will  be  made  to  individually  identify  them.  Rather,  the 
possibility  of  conversion  gain  greater  than  unity  is  considered  as 
a stability  question. 

Consider  the  case  of  a USBDC.  The  image  frequency  network, 

the  u_1  network,  is  terminated  with  the  external  impedance  Z*. . 

Thus  from  the  signal  a,  and  the  IF  w diode  terminals  the  converter 

i.  o 

appears  as  a simple  two-port  network.  A suitable  description  for 
this  reduced  network  is  the  y-parameter  representation  shown  in 
Fig.  7.1^.  Obviously  the  LSBDC  circuit  can  be  studied  in  a completely 
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7.3.3  Determination  of  the  Transadmittance  Terms . The 
transadmittance  terms  y oresent  in  Za . 7. 24  and  defined  in  Zq,.  7.23 

El 

depend  only  on  the  dc  bias  and  the  large-signal  oump  voltage  V (t) 

? 

across  the  forward-biased  region  of  the  diode.  Drawing  from  the 
large-signal  3tudy  of  Chapter  VT  we  can  identify  the  pump  voltage 
as  the  specified  large-signal  drive  voltage  across  the  forward-biased 
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region.  For  the  first-order  approximation  of  a single  sinusoidal 
voltage  across  the  forward-biased  region. 


yt) 


V cos  u t , 
rx  p 


we  have  (see  Eos.  a.k  and  6.7) 


ym  = T 


.21  (v_./v_; 

nr  FI  T 


Io(VFl/VT)  ’ 


(7.26) 


In  this  case  the  phasor  injection  currents  J are  all  real  Quantities 

pm  - 

since  the  choice  of  the  phase  reference  (time  origin),  the  phase  of 
pumping  voltage,  has  resulted  in  J (t)  being  an  even  function  of 
time.  For  the  second-order  approximation 


V (t)  = V cos(uj  t + $ ) + V„  cos (2a  t + 2< p + y)  , 


a fundamental  and  second-harmonic  voltage  drive  with  arbitrary  phase 
reference  b,  we  have,  from  Eas.  6.^  and  6.8, 


g.  c»  * JS=  j! 

'«.  = — e 
o 


= 12 

— 9 


(7.27) 


where  C , S and  D are  defined  in  the  eauations  immediately  following 
m m o 

Eq.  6.8  in  Chapter  VI.  In  this  case,  given  that  the  relationships 

between  V_.  , V and  b are  not  arbitrary  but  are  device-circuit 
* X 2 d. 

determined,  it  is  not  clear  nor  is  it  necessarily  possible  that  b 
(a  time  origin)  can  be  chosen  such  that  both  y,  and  y2  will  be  pure 


An  example  of  the  sensitivity  of  the  transadmittances  to  the 
order  of  aroroximation  used  in  their  calculation  is  shown  in  Table  7.1. 
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The  firs~-  and  second-order  attroximation  values  for  the  y of  a 
K-band  diode  examined  previously  (see  Table  5.2),  ic  maximum  power 
so rue  fore  No.  3,  are  given  for  a particular  set  of  drive  conditions 
that  produce  a negligible  second-harmonic  terminal  voltage.  As 
can  be  seen,  a choice  of  4>  = -2~.  2 degrees  as  the  phase  reference 
of  the  fundamental  'drive  voltage  in  the  tvc-frequency  pumping  case 
results  in  transadmittance  terms  that  are  easily  within  d percent 


of  the  s ingle- frequency  pumping  values, 
values  are  entirely  adequate.  These  resu 
all  device-circuit  configurations  which  1 
the  diode  terminals  to  a single  frequency 
pump  signal  only)  and  as  such  the  first-o 


'hus , the  single- frequency 
,ts  are  deemed  typical  for 
mit  the  voltage  across 
value  (considering  the 
der  antroximation  will 


:e  exclusively  used  in  the  remainder  of  this  study. 


.acue  i 


First-  and  Second-Order  Approximati 

(N.  = 5 x 1015  cm”3,  v_  = ^ um, 
a B 

Fundamental  Frequency  = 20  C-Kc , V 


r a K-Band 
^00  A/'crh- , 


Tiode 

093  7, 


- 321  Degrees ) 


Trans admittance 
Term  (mho /cm2) 


y 

i 


First-Order 


Value 


Second-Order 
— r'Q 

Value  x e 
m = 1 or  2 


1.935 


1.915  /2h.2  Degrees 
1.689  /-? .2  Degrees 


y 


1.750 
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7 • 3 • -*  3ARITT  Diode  Mixer  Poise  7i»rjrs . The  noise  figure 
of  a network  is  defined  as  the  ratio  of  the  input  signal-tc-ncise 
ratio  to  the  output  signai-to-noise  ratio  when  the  input  noise  is 
thermal  noise  at  room  temperature.  That  is, 


:if  = 


( S/M ) 


If  a network  gain  G is  identified  such  that  3 = G • 3.  and 

out  in 

N = G • N.  + N then 
out  m e 


PF  = 1 + — 


N. 

tn 


(7.28) 


where  P is  the  excess  noise  at  the  cutout  due  to  the  network  alone 
0 

and  P.  is  the  inout  thermal  noise, 
m 

The  excess  noise  at  the  IF  port  of  the  downconverter  circuit 

of  Fig.  7.13  can  be  determined  by  the  use  of  the  noise  theories 

developed  in  Chapter  III  and  the  principle  of  superposition.  At 

each  frequency  ui  , w and  u the  signal  voltage  generator  is  re- 
oi  - 1 

olaced  by  the  diode  ooen-circuit  noise  voltage  7 . due  to  diffusion 

ni 

noise,  and  a shunt  shot  noise  current  generator  i . is  added  across 

ni 

the  small-signal  conductance  of  the  forward-biased  region.  Since 

the  noise  properties  of  any  network  are  unaffected  by  the  output 

pert  termination,  one  simple  measure  of  the  output  excess  noise  is 

the  open-circuit  noise  voltage  (2  = »)  across  the  diode  terminals 

at  oj  . This  voltage  can  be  found  by  considering  each  noise  voltage 
o 

generator  or  noise  current  generator  separately  and  adding  all  the 
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results.  The  excess  noise  voltage  at  the  IF  port  will  "hen  he  of 
one  form 


v 


— ITI  \T 


ne  ,o 


'10  HI  '~10  a-1 


+ 31  + Z I + Z I 

10  nl  -10  n-1  oo  no  , 


(7.29) 


where  the  transfer  terns  T. , and  Z, , are  each  found  from  one  solution 

+j 

of  ohe  circuit  of  Fig.  7.13  for  a vcloage  input  ao  the  diode  terminals 
or  a current  input  across  the  forward-biased  junction,  ao  frequency 
w . , and  a voltage  output  at  the  IF  diode  terminals . The  diffusion 
noise  contributions  tc  Eq.  7.29  arise  from  the  diffusion-drift 
region  of  the  diode  which,  in  our  approximate  analysis,  is  unpumped. 
Thus  they  remain  unoorrelated  for  any  level  of  mixer  operation. 

However  the  shot  noise  contributions  to  Eq.  7.29  are  directly  de- 
bv  zh$  rurroing  levsl,  th.6  l2.rg9—  signs.!  ir.Jsc*ed  ps.r'ti-l.'s 
current,  and  can  thus  be  expected  to  exhibit  deterministic  in-phase 
properties  since  the  pumping  is  periodic.  With  these  facts  in 
mind  the  outnut  excess  noise  voltage  has  a mean  square  value  of 


i ■ 


r.e , o 


Z I T 


V . i2 


1 10 1 * nl 


' •‘■-10  1 


n~  l 


* *•  ' 


'Zloi2  l^nllZ 


J-10 


n~i 


oc 


2 !i 


no 


+ 2Re(Z  Z*  t I*  + v 


7 •t#  T 


• (7.30: 


10  oo  n i -no  “-10  oo  n*l  no  10  -10  nl  n-l' 

Kim,50  in  an  extension  of  Strutt's  fundamental  work,16  has  shown 
that  the  correlation  of  the  shot  noise  components  can  be  expressed, 
in  the  notation  of  this  study,  as 


— »-■- 


1 
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2 He  (2  2*  I I*  + 


• Z 2*  I I*  ) 
'ig“oo  '“ni~no  ^-lo^oo^n-i'no 


2qJ 


and 


2 Re  (Z  Z*  1,1*) 
10  -io  nl  n-1 


2qJ 


o2 


. He  Lr(Z  + Z )Z*  ] 
A 10  -io  co 


Re  (Z  Z*  ) , 

10  -10 


where  a unit  observation  bandwidth  has  been  assured,  A is  the 
cross-sectional  area  cf  the  diode,  and  the  J are  the  Fourier 
coefficients  of  the  pumping  current  density,  Eq.  5.7. 

The  open-circuit  noise  voltage  at  the  IF  port  due  to  the 
thermal  noise  from  the  input  signal  generator  is 


2 = 


ng,o’ 


= 4qVT  Re  (Z±1)|T±10j 


where  again  the  use  of  the  plus  or  minus  signs  depends  on  the 
particular  mixer  configuration,  USBDC  or  1SBDC.  The  dcwr.c o nver s ion 
excess  noise  figure  now  becomes 


NF  i SF-1  s 


■ne.o 


S (24lJ|T±l0|j 


: t . 3i ) 


The  expression  for  the  excess  noise  figure  bears  a strong 
resemblance  to  the  noise  measure  expression  presented  in  Chapter  III. 
If  the  small-signal  diode  resistance  at  frequency  is  defined 

as  ^£±i  and  an  excess  noise  voltage  at  the  IF  port  due  to' all  the 
noise  sources  except  the  diffusion  noise  -Voltage  at  the  signal 


the  excess  noise 


The  second  multiplicand  in  the  first  term  is  recognized  as  the  noise 

measure  of  the  diode  at  oo  , due  to  diffusion  noise  alone.  In 

£ 1 

frequency  regions  of  negative  resistance  the  diffusion  noise  is  the 
dominant  noise  contribution  to  the  diode  open-circuit  noise  voltage 
and  the  diffusion  noise  measure  is  very  close  to  being  equal  to  the 
total  noise  measure  of  the  diode.  Thus  for  any  number  of  cases  [high 
T*10.  I ^'3-1 1 > ’e  (Z+1),  ate.]  it  may  be  possible  for  the  excess  noise 
figure  to  be  numerically  smaller  than  the  diode  noise  measure.  One 
such  theoretical  case  is  examined  in  detail  in  Section  7.3.5. 

The  dovneonverter  excess  noise  figure  defined  in  2a.  7.31 
is  dependent  on  the  equivalent  source  impedance  at  the  signal 
frequency  ^ . One  can  easily  determine91  the  optimum  source 
impedance  such  that  the  excess  noise  figure  is  a minimum  if  the 
total  excess  noise  of  the  diode  is  transformed  through  the  converter 
network  and  is  artificially  assigned  to  a shunt  noise  current  source 
and  a series  noise  voltage  source  at  the  signal  input  terminals  as 
shown  in  Fig.  7.15*  Since  all  the  noise  sources  of  the  diode  are 
now  represented  as  noise  sources  at  the  now  noise-free  converter 
network,  the  excess  noise  figure  of  the  converter  can  be  found  just 
from  a knowledge  of  these  noise  sources  alone. 


That  is 
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NF 


|v  |2  + |z  + z |2^I  I2 

' nu 1 1 y 3 f n 1 

'•’'A 


where  a correlation  impedance  Z has  been  defined  as 


V I* 
1 n n 


[I  |2 
1 n 1 


A 

and  V is  that  portion  of  V which  is  completely  uncorrelated  with 
nu  n * 

i . Obviously,  the  correct  choice  for  X for  a minimum  NF  is 
n s.  e 

X = -X  . Minimizing  the  resulting  expression  for  NF  with 

s,opu  y - e 

respect  to  R leads  tS-'-the  optimum  choice9 1 
s 


wnere 


R 


s , opt 


|r 

+ G.-R2' 

u 

n y 

\ 

l \ 

Jn 

1/2 


\ 


lv  i 2/i*q.V^,  \ 
1 nu1  ^ t \ 


\ 

T \ 


and 


n 


iiQl2/ljqvT 


The  optimum  excess  noise  figure  is  then 
111 


e,opt 


2G.  (R  + R J . 
n y s,opt 


Since  there  are  four  quantities  that  determine  NF  Iv  , I 

* e,opt*  nu  1 n 

and  the  real  and  imaginary  parts  of  Z^,  four  different  measurements 
must  be  made  with  four  different  source  impedances  to  completely 
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detemine  the  optimum  source  impedance.  One  satisfactory  set  of 
measurements  is  as  follows: 

The  output  open-circuit  mean-square  noise  voltages  at  the 
1^  port  tor  four  different  source  impedances  are  denoted  as 


and 


= 0 , 


V2 

o 


= R 


v 2 -►v 

X s 


JX 


st  ’ 


where  Rsi_  and  X are  arbitrary  but  finite  test  source  resistance 
and  reactance  values,  respectively.  Then,  for  the  AECD  represen- 
tation of  the  noiseless  converter  network,  it  is  easily  shown  that 
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R2 
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C )2  v2 
1 0 


X 
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A + 


JCX  |2v2 
g1  x 


|Aj2-v2  - X2 

|C  (2  v2 

1 1 s g 

° . 

and 


!?J2  = ~ fc|2|ZYF^| 
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All  theoretical  excess  noise  figure  values  presented  in  this  study 
will  be  optimized  values  computed  by  numerically  performing  the 
above  experiment  using  the  noise  theory  of  Chapter  III. 

7.3.5  Results  for  3ARITT  Diode  Mixers . One  of  the  most 
intriguing  forms  of  a 3ARITT  diode  mixer  is  the  self-oscillating 
or  autodyne  version.  The  diode  is  placed  in  a circuit  environment 
which  allows  it  to  oscillate  in  its  negative-resistance  region, 
thus  providing  its  own  pump.  The  input  signal  is  usually  coupled 
to  the  diode  by  means  of  the  same  medium  through  which  the  pump 
power  flows  away  from  the  diode.  The  principal  advantage  of  the 
autodyne  mixer  is  its  utter  simplicity  and  for  this  reason  alone 
there  has  been  considerable  interest  shown  in  the  literature  for 
tunnel  diode,90’92’93  Gunn  diode,94’95  bipolar  transistor,96  and 
versions  of  the  converter.  The  particular  3ARITT  diode 
structure  chosen  for  study  here  as  a self-oscillating  mixer  is 
Snapp  and  Weissglas's  Diode  B10  since  it  appears  to  be  by  far  the 
most  characterized  3ARITT  structure,  both  theoretically  and 
experimentally . 

It  is  virtually  impossible  to  discuss  every  possible  con- 
figuration for  a mixer  structure,  so  several  parameters  throughout 
most  of  the  self-pumping  mixer  study  are  held  constant.  The 
self-pumped  frequency  is  chosen  to  be  near  the  midpoint  of  the 
negative-resistance  region,  see  Fig.  3.10,  and  is  held  at  7.5  GHz. 

The  image  termination  is  chosen  to  be  an  open.  This  choice  prevents 
image  frequency  diffusion  noise  currents  from  flowing  but  does  not 
hinder  image  frequency  shot  noise  currents  through  the  forward-biased 
region  of  the  diode.  A short  or  any  finite  pure  reactive  termination 
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at  the  image  diode  terminals  would  allow  both  forms  of  noise 

currents  to  flow  and  would  therefore  net  be  as  effective  as  an 

open  image.  It  is  conceivable  that  a specific  complex  image 

impedance  termination  could  be  chosen  such  that  the  image  forward- 

biased  region  is  effectively  shorted,  thus  negating  the  frequency 

conversion  of  both  forms  of  image  frequency  noise.  The  correct 

choice  for  this  image  termination  impedance  is  Z.  = (r„  . - 1) 

image  a r image 

/¥_  . where  r0  and  Y are  as  given  in  the  small-signal  model 
of  Chapter  III.  However  there  are  frequency  regions  where  the  real 
part  of  this  needed  image  termination  is  a negative  quantity  and 
does  not  represent  a realizable  passive  load. 

The  first  converter  property  examined  is  stability.  Since 
the  diode  is  self-oscillating,  one  expects  to  find  regions  around 
the  pump  frequency  where  the  converter  is  potentially  unstable. 

Figures  7.16a  and  b show  the  stability  parameters  g^,  and  C 
as  functions  of  input  signal  frequency  for  the  diode  biased  an 
<J^c  - 50  A/ caf  and  for  two  different  levels  of  pumping:  weak 
pumping,  V^/V^  = 1,  and  strong  pumping,  V^/V^  = 10,  where  V is  the 
magnitude  of  the  assumed  single- frequency  (7*5  GHz)  pumping  voltage 
across  the  forward-biased  region.  The  weak  pumping  values  of  g1 1 
and  g22  are  only  slightly  different  from  their  unpumped,  uncoupled, 
small-signal  counterparts  and  the  potentially  unstable  region 
corresponds  almost  exactly  with  the  frequency  region  of  negative 
g^.  The  more  interesting  case  of  strong  pumping  shows  greatly 
modified  values  of  g, , . The  values  of  g„  are  also  altered  but  not 
to  the  3ame  degree,  and  a far  different  range  of  potential  instability 
is  evident  as  compared  to  the  weak  pumping  case.  A unique  feature 


FIG.  7.16  STABILITY  PARAMETERS  FOR  SNAPP  AND  WEISSGLAS'S  DIODE  B.  (a)  WEAK  PUMPING,  V /V  = I AND 
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cf  the  strong  pumping  case  is  the  region  of  absolute  stability 

near  8 GHz,  although  its  margin  or  proximity  to  potential  instability, 

C > 1,  is  small.  The  conclusions  drawn  from  these  plots  are  that  a 
self-oscillating  downconverter  can  be  constructed  using  this  particular 
diode  but,  as  expected,  it  will  exhibit  frequency  regions  of  potential  gain 
instability:  near  the  pump  frequency  for  weak  pumping  and  near  the 
pump  frequency  and  relatively  far  above  the  pump  frequency  for  strong 
pumping. 


The  effect  of  pump  strength  on  the  noise  conversion  properties 

of  the  diode  is  demonstrated  in  Fig.  7. IT-  Here  the  input  signal  has 

been  fixed  at  7-65  GHz  so  the  converter  is  a US3DC  with  an  I?  of 

150  MHz.  The  four  noise  components  shown  are  four  IF  port  open-circuit 

noise  voltages  (mean  square)  the  sum  of  which  compose  the  total  IF 

noise;  the  source  impedance  has  been  set  at  its  optimum  value.  The 

four  noise  voltages  are:  the  total  diffusion  noise  contribution 

(IF  and  downconverted  signal  frequency),  the  sum  of  the  individual 

shot  noise  contributions  (open-circuit  IF  and  downconverted  signal 

and  image),  the  sum  of  the  correlated  shot  noise  contributions 

(open-circuit  IF  and  downconverted  signal  and  image),  and  the 

downconverted  signal  input  thermal  noise.  As  can  be  seen  the  harder 

the  diode  is  pumped  the  more  the  correlated  portion  of  the  shot  noise 

approaches  the  negative  of  the  sum  of  the  individual  shot  noise 

contributions.  Consequently,  the  excess  noise  figure  falls  with 

increasing  pump  power.  This  same  shot  noise  cancellation  effect  is 

observed  in  pumped  exponential  and  tunnel  diodes  as  well.  The 

anomalous  behavior  at  V /V_  3 2.7  is  due  to  a resonant  Dhenomenon 

p T 


within  the  coupled  circuit. 


Near  this  point  the  downconversion 


cm 
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7.17  DCWNCONVERTED  NOISE  VOLTAGE  COMPONENTS  (MEAN  SQUARE ) 

FOR  SNAPP  AND  WEISSGLAS’S  DIODE  B AS  A FUNCTION  OF 

PUMPING  STRENGTH.  (J  = 50  A/cm2,  f = 7.65  x 109  GHz, 

o s 

f = 7-5  GHz,  OPEN  IMAGE ) 

P 


voltage  gain  rises  to  very  high  values  and  the  entire  circuit  is 
very  sensitive  to  changes  of  any  sort. 

Finally,  the  optimum  excess  noise  figure  values  for  USBDC 

applications  of  the  diode  as  functions  of  input  signal  frequency, 

dc  current  density,  and  pumping  level  are  given  in  Fig.  7.18a,  b 

and  c.  The  Invest  values  of  HF  are  seen  to  occur  for  strong 

pumping  and  lev  bias  current  density.  Since  the  open-circuit 

diffusion  noise  voltage  at  any  frequency  is  directly  proportional 

to  the  dc  current  density  and  since  the  shot  noise  correlation- 

cancellation  effect  is  strongest  for  strong  pumping,  this  trend 

is  not  surprising.  What  is  surprising,  perhaps,  is  the  magnitude 

of  the  values  of  NF  that  are  oredicted. 

e 

Experimentally,  in  this  laboratory,  the  best  measured  SS3 
noise  figure  values  for  X-band  self-oscillating  3ARITT  diode  mixers 
are  slightly  less  than  an  order  of  magnitude  greater  than  the 
predicted  values  of  Fig.  7-18.  The  experimental  diodes  were 
P np  uni formally  doped  Si  devices  similar  to  the  one  shown  in 
Fig.  1.1.  The  diodes  were  mounted  in  a converted  waveguide  crystal 
detector  ’unit  with  a slide-screw  or  E-H  tuner  placed  in  front  of 
the  mount  to  provide  concurrent  mechanical  tuning  of  resonant 
frequency  and  impedance  matching,  both  for  the  oscillator  and  the 
input  signal.  When  this  assembly  was  used  in  conjunction  with  a 
circulator  to  isolate  the  input  noise  source  (noise  tube),  total 
receiver  double- sideband  noise  figures  (IF  amplifier  contribution 
- 1.5  dB)  of  22  dJ3  and  above  were  routinely  measured  for  an  IF  of 


30  MHz.  Raising  the  IF  to  I4k  MHz  and  adding  a second  tuner  in 


2b  A/cm 
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series  with  the  first  to  enable  double  tuning  produced  total  receiver 
single- sideband  noise  figures  (IF  contribution  = 1 dB)  of  13. T to 
15  dB.  Double  tuning  can  only  be  termed  a headache  as  inordinate 
amounts  of  time  are  required  to  attain  the  lowest  possible  noise 
figure  readings  since  all  four  mechanical  degrees  of  freedom  of  the 
tuning  arrangement  are  strongly  coupled.  Evidence  of  true  single- 
sideband  operation  (US3DC)  was  obtained  by  sweeping  a low-level 
input  signal  across  the  oscillating  frequency  of  the  diode  and 
observing  both  the  downconverted  and  reflected  spectra  for  undesired 
sideband  activity.  Nguyen-3a2 * 1 1 measured  DS3  noise  figure  values 
of  12  d3  at  X-’oand  using  different  higher  voltage  diodes  and  an 
I?  of  3C  MHz.  He  did  not  attempt  single- si deband  operation  with 
these  diodes  however.  One  hesitates  to  quote  these  experimental 
values  since  they  are  not  accompanied  by  any  detailed  circuit 
information  as  to  the  actual  image  termination  or  the  degree  of 
input  signal  coupling  network  efficiency,  therefore,  there  is  no 
way  of  knowing  if  they  are  optimum  or  not.  Clearly,  precise 
experimental  circuit  analysis  and  synthesis  will  be  required  to 
completely  determine  the  potential  of  self-oscillating  3ARITT 
diode  mixers. 

The  stability  parameters  for  dc  maximum  power  structure  No.  2 
operated  as  a strongly  pumped  passive  mode  mixer,  ^0  to  100  GHz, 
are  shown  in  Fig.  7*19  for  a bias  current  density  of  100  A/ cm2. 

The  IF  has  been  fixed  at  1.5  GHz  and  again  the  configuration  is  an 
open  image  USBDC.  The  mixer  is  seen  to  be  absolutely  stable  over 
the  entire  frequency  range  shown.  The  principal  reason  that  the 
diode  mixer  is  no  longer  active  is  that  the  frequency  region  of 
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FIG.  7.19  MAXIMO M POWER  STRUCTURE  MO.  2.  (J  =100  A/cm2 , 

o 

Vq/Vt  = 10,  USBDC , OPEN  IMAGE,  IF  = 1.5  GHz) 
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negative  resistance  is  veil  belov  the  frequency  range  considered 

sc  that  all  "active"  transit-tine  effects  are  averaged  out  by  the 

nultiple  RF  period  transit-tine  diffusion-drift  region.  Transit- 

tine  effects  however  are  still  present  in  this  same  region's 

open-circuit  diffusion  noise  voltage.  Fig.  7.20,  so  it  is  expected 

that  the  excess  noise  figure  will  show  sene  frequency  variation. 

The  optimum  excess  noise  figure  as  a function  of  frequency  and 

pumping  strength  is  shown  in  Fig.  7.21.  Again,  the  best  values 

for  NFe  are  for  strong  pumping  when  the  shot  noise  is  effectively 

canceled  out  by  strong  correlation  effects.  The  primary  obstacle 

to  achieving  these  very  encouraging  values  of  IIF^  at  millimeter 

wavelengths  will  be  the  efficiency  of  the  optimum  source  impedance 

matching-coupling  network,  diode  series  resistance  included.  The 

needed  real  part  of  the  optimum  source  impedance  that  must  be 

presented  to  the  diode  at  the  signal  terminals  for  V /V_  = 10  is 

P 

shown  in  Fig.  7.22.  These  values  are  all,  gratefully,  above  any 
worst  case  substrate  loss  resistance,  see  Section  6.2.2,  and  at 
least  an  order  of  magnitude  higher  than  the  diode  large-signal 
resistance  values  that  would  be  presented  to  a pumping  signal 
(pumping  signal  such  that  / V^,  = 10)  at  the  same  frequency. 

These  large-signal  pump  resistances  as  well  as  the  small-signal  at 
the  same  frequency  resistances  are  also  shown  in  Fig.  7.22.  The 
external  pumping  power  that  is  needed  to  produce  V^/V^  * 10  for 
this  diode  averages  approximately  20  W/cm2  ever  the  frequency  range 
of  i*0  to  ICO  GHz,  thus  pumping  network  efficiency  should  not  be 
a major  problem  as  this  represents  a minimal  amount  of  pumping 


power. 
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FIG.  7.21  OPTIMUM  EXCESS  NOISE  FIGURE  FOR  DC  MAXIMUM 
POWER  STRUCTURE  NO.  2.  (j  = 100  A/cm2, 


US3DC , OPEN  IMAGE,  IF  = 1.5  GHz ) 
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Iz  is  concluded  that  both  active  and  passive  node  3AP.ITT  diode 
sixers  hold  considerable  promise  as  low— noise  downconverters . Much 
work  remains  to  be  done,  however,  for  both  modes,  principally  in 
circuit  design  and  characterization. 


CHAPTER  VI 


CONCLUSIONS  AND  SUGGESTIONS  FOR  FURTHER  WORK 


la  the  course  of  this  dissertation  the  author  has  sought  to 
establish  that: 

1.  The  BARITT  diode  and  the  punch-through  transistor  can  both  be 
derived  from  standard  bipolar  junction  transistor  theory  providing 
the  correct  collector-base  minority  carrier  concentration  boundary 
condition  is  employed  (Chapters  II  and  III). 

2.  Transistor  "action"  continues  into  the  punch-through  mode  of 
operation  and  in  fact  improves  frequency-response-wise  (Chapters  I 
through  III) . 

3.  The  BARITT  diode  has  tvo  useful  modes  of  video  detector 
operation:  an  active  mode  in  which  the  nonlinear  negative  resistance 
of  the  structure  is  used  to  simultaneously  amplify  and  detect  signals 
and  a passive  mode  in  which  the  parasitic  impedance  of  the  diffusion- 
drift  region  falls  with  frequency  thereby  improving  the  rectifying 
efficiency  of  the  entire  diode  (Chapter  IV). 

L.  The  3ARITT  diode  can  be  a very  sensitive  high-speed  optical 
detector  in  two  frequency  regions:  before  transit-time  rolloff  and 
•within  the  cicde  negative-resistance  region  (Chapter  V), 

5.  Fundamental  frequency  RF  power  production  by  uniformally 
doped  BARITT  diodes  is  limited  to  frequencies  below  approximately 
10  GHz  (Chapters  III  and  VI). 

6.  RF  power  can  be  extracted  from  harmonic  operation  of  BARITT 
diodes  if  the  fundamental  is  al3o  excited  (Chapter  VI). 
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7.  The  minimum  detectable  signal-co-carrier  ratio  of  a very— low 
IF  3ARITT  diode  mixer  can  be  comparable  to  or  below  the  measurable 

AM  double-sideband  noise-to-carrier  ratio  (Chapter  VII). 

8.  The  ultimate  excess  noise  figure  limitation  of  a general 
3A3ITT  diode  mixer,  oscillation  noise  aside,  is  the  ratio  of  the 
signal  frequency  diffusion-drift  region  diffusion  noise  to  the 
input  thermal  noise  of  the  signal  source  impedance  and  that  this 
optimum  ratio  approaches  small  values  for  strong  pumping  and  low 
bias  currents  (Chapter  VII). 

Hopefully',  the  methods  and  assumptions  used  in  the  derivations  of 
these  results  have  led  to  a further  'understanding  of  punch-through 
device  operation  and  the  results  themselves  will  stir  renewed 
activity  in  the  general  area  of  punch-through  semiconductor  devices. 

In  addition  to  the  actual  fabrication  of  millimeter-wave  3ARITT 
diode  devices  and  microwave  versions  of  punch-through  transistors 
and  photo-3ARITTs , numerous  areas  of  supplemental  research  and  study 
are  suggested  by  either  the  methods  of  analysis  used  in  this  work 
or  their  attendant  results.  A few  of  the  most  conspicuous  are: 

1.  Two-dimensional  effects  (emitter  crowding,  undepleted  base 
bulk  regions,  etc.)  in  punch-through  transistors. 

2.  Transit-time  frequency  operation  of  punch-through  tran- 
sistors . 

3.  large-3ignal  punch-through  transistor  operation. 

k.  Two-dimensional  effects  in  a two-dimensional  3A3ITT  diode 
structure  used  for  passive-mode  video  detection  and  passive-mode  mixing. 

5.  Measurement  of  EF  series  resistance  due  to  substrate  and 


contact  loss  in  a BAR ITT  diode. 
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6.  Study  of  injection  response  tine  (assuned  instantaneous  in 
this  study)  in  punch-through  devices. 

7.  Noise  in  phcto-SARITTs . 

3.  Subharnonicaily  pumped  seif-osciliating  BAR ITT  diode  mixers. 

9.  Detailed  characterisation  of  existing  3ARITT  diode  detector 
and  aixer  circuits  particularly  at  millimeter  and  subnsillimeter 
wavelengths . 
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viis  second  harm  is  oi  second  omen  and  the  derivative  ncrtion  of* 
tne  tirst  term  is  negligible  when  the  major  share  of  the  dc  current 
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or,  substituting  the  results  of  2qs.  A.l,  A. 3 and  A.U, 


APPENDIX  3.  AN  INTERPRETATION  CF  THE  AM  AND  FM  MODULATION  OF  THE  RF 


VOLTAGE  ACROSS  AN  OSCILLATING  DIODE  VERY-LOW  TP  MIXER 


For  modulation  frequencies  veil  below  the  corner  frequency  , 


all  low-frequency  phasor  quantities  are  real. 
Equations  7.1o  and  7.17  then  become 


and 
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u.  is  the  IF,  the  arbitrary  phase  of  eg  has  been  chosen  as  t,  and  the 
remaining  symbols  are  as  defined  in  Section  7.2.  One  interpretation 
of  the  AM  and  FM  modulation  described  by  Eqs.  3.1  and  3.2  is  as 
follows:  Visualize  a reference  phasor  at  the  unperturbed  RF 
frequency  a and  two  additional  small  magnitude  chasers  U and  U 

C 12 

at  a^  + a.  and  a - a.  , counterrotating  about  the  tin  of  U . The 
o i o i o 

total  phasor  U is  the  vector  sum  of  the  three;  that  is, 
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where  and  <<  U^.  it  cah  be  shown,  after  some  tedious  algebra, 
that  this  phasor  notation  represents  the  AM  and  FM  modulation  of 
3qs . 3.1  and  B . 2 , i . e . , 
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The  physical  interpretation  of  this  three-phasor  representation 
is  that  U is  the  unperturbed  diode  voltage  and  that  either  U,  or  TJ. 
is  the  voltage  across  the  diode  due  to  the  incoming  signal.  The 

/K  A 

remaining  phasor  voltage,  U or  U^,  is  the  induced  image  signal  due 
to  the  conversion  process. 


The  simplest  case  zo  examine  is  that  of  orthogonal  tuning. 

For  this  restriction  sin  C * 1 and  and  U,  become  equal.  Equations 
B . k and  3 . 5 reduce  to 
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